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Metal nanostructures can enhance the optical signals by orders of magnitude 
due to surface plasmon resonance. This field enhancement of the plasmonic 
nanostructures has led to optical detection and light manipulation beyond the free 
space diffraction limit.  However, the significant enhancement of optical signals of 
the nanostructures has not been fully understood.  In order to examine field-enhanced 
phenomena, this dissertation studies a variety of plasmonic nanostructures using two 
nonlinear optical processes, multiphoton-absorption-induced luminescence (MAIL) 
and metal-enhanced multiphoton absorption polymerization (MEMAP).     
Nonlinear absorption of near-infrared light can lead to luminescence of metal 
nanostructures.  This luminescence can be observed at localized areas of the 




rod” nanoantenna effect.  In the presence of a prepolymer resin, luminescence 
generated from the nanostructures can induce polymerization by exciting a 
photoinitiator.  The strong correlation between MAIL and MEMAP is demonstrated 
by using different excitation wavelengths and different types of prepolymer resins.   
While localized surface plasmon resonance plays a pivotal role in field-
enhanced optical phenomena observed at local areas of gold nanoparticles, nanowires, 
and nanoplates, surface plasmon propagation is essential to understanding of the 
nonlinear optical properties in silver nanowires.  As silver nanowires can support 
surface plasmon propagation for many microns, excitation of NIR light at one end of 
the nanowire can induce luminescence at the other end of the nanowire. This 
broadband luminescence can excite a photoinitiator, inducing polymerization.  The 
luminescence-induced polymerization in remote positions can be used to assemble 
nanostructures.     
Nonlinear luminescence and its correlation to polymerization are also studied 
using carbon nanostructures.  While metal nanostructures exhibit plasmonic field 
enhancement, carbon nanotubes have strong Coulomb interactions between excited 
electrons and holes, which results in luminescent emission.  Additionally, the high 
density of electron states of carbon nanotubes can increase the probability of the 
recombination of the excited electron and hole, which in turn induce luminescence.  
The luminescence emission and photopolymerization are studied using different kinds 
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Chapter 1:  Surface plasmons with nonlinear optical processes 
 
 
1.1  Introduction  
Metal nanostructures with at least one dimension that is 1-100 nm in size have 
received a great deal of attention over the last few decades due to their electron 
confinement properties, which are distinct from those in bulk systems or individual 
atoms.
1
  On the surface of metal nanostructures, free electrons in the conduction band 
collectively oscillate within tens of nanometers from the surface, in a mode called a 
surface plasmon (SP). When incident light at a wavelength much larger than the size 
of the metal nanostructures excites the nanostructures, it can couple to these 
collective oscillations, driving an electromagnetic field resonance at a metal-dielectric 
interface. This localized surface plasmon resonance (LSPR) leads to a localized 
electromagnetic field enhancement.   
SPs can propagate along the metal-dielectric interface as the conduction 
electrons move on the metal surfaces.  These propagating plasmons are known as 
surface plasmon polaritons (SPPs).  SPPs can travel along a metal nanostructure 
surface for up to hundreds microns.
2,3
  However, SPPs are confined to within tens to 
hundreds of nanometers of the surfaces because electromagnetic field of the SPs 
exponentially decays in z-direction.
2-5
  The LSPR and SPPs from metal 
nanostructures offer the capability of manipulating the light beyond the free-space 
optical diffraction limit.
6,7
    
It has been shown that SPs on metal structures can provide more than five 
2 
 







  The field enhancement has been used widely for 









  In addition, the conversion 
from far-field incident light (light exciting the sample with a distance much larger 
than the wavelength) to the near-field of SPs (light exciting the sample within a 
distance smaller or of the order of the wavelength)  has led to the development of 
faster and more efficient optical sensors than the currently available.
27,28
  
The electromagnetic field enhancement observed to date has largely exceeded 
the values predicted by theory.  For example, strong optical scattering from single 
molecules has been detected by surface enhanced Raman spectroscopy (SERS),
16,20
 
while the theory behind this phenomenon has not clearly predicted the same result.  In 
order to investigate field-enhanced phenomena, we studied two nonlinear optical 
processes, multiphoton-absorption-induced luminescence (MAIL) and metal-
enhanced multiphoton absorption polymerization (MEMAP)
 
 on a variety of 
plasmonic metal nanostructures.   
In this Chapter, the fundamentals of surface plasmon resonance (SPR) on 
metal nanostructures and the background of MAIL and MEMAP will be discussed. 
The contribution of SPPs to nonlinear processes and the relationship between MAIL 
and MEMAP will also be discussed with examples.      





1.2  Properties of LSPR and SPPs   
1.2.1  Fundamentals 
Figure 1.1 illustrates how the free electrons in a metal sphere oscillate with the 
incident light.  The interaction between light and the metal nanospheres generates the 
LSPR.   As seen in Figure 1.1, the wavelength of the incident light should be larger 
than the size of the metal nanostructures to induce optical SPR.  SPs are confined to 





Figure 1.1.  Schematic of a localized SPs. (Reproduced from reference[2]). 
 
The most extensively studied metals in regard to the SP-associated field 
enhancement are gold and silver, because their surface plasmon absorption cross-
section is located in the visible region of the spectrum.  The field enhancement of 
metal nanospheres can be explained by considering the electric-field permittivity of 
the metal nanostructure and that of the environment.  When we consider light of 
wavelength λ exciting a metal nanosphere of radius a (a is much smaller than λ), the 
electromagnetic field
5,9
 outside the particle is given by 
4 
 
, (1.1)  
 
where εin is the dielectric constant of the metal nanosphere and εout is the dielectric 
constant of the environment.
2
  The dielectric constant () is a relative permittivity that 
indicates how an electric field affects or is affected by the dielectric medium.  It is a 
complex quantity, i.e.  =  + i.  In the case of a material with low permittivity, a 
stronger electric field exists inside the medium than outside of it.  For example, the 
relative permittivity for gold at 830 nm is m ≈ −29 + 2.1i, so there is a large, negative 
real part.
3
  The dielectric field resonance condition is determined by the εin in Eq 
(1.1), because εin is strongly wavelength-dependent and εout is much weaker than εin.
2
  
When εin is roughly equal to −2εout, the electric field can be enhanced.
2
  Since this 
resonance condition is met at the wavelengths in visible and NIR region of the 
spectrum for the gold and silver nanostructures,
2
 these metal nanostructures have 
been studied using typical optical systems with visible to NIR light. 
This LSPR is sensitive to changes in the local environment.  The optical 







 of nanostructures as well as the 
refractive index (n, n  )
30,33,34
 of the surrounding medium.  For example, the 
plasmon absorption band moves markedly to longer wavelengths as gold 
nanostructures are elongated.  Figure 1.2a shows a typical plasmon absorption 
spectrum of a solution of gold nanorods with an aspect ratio of 3 to 5.  The scanning 
electron microscope (SEM) image of the gold nanorods (along with a small amount 
5 
 
of nanospheres) is shown in Figure 1.2b.   
In Figure 1.2a, the absorption band at 516 nm is a transverse mode from the 
16 nm short axis of the nanorods.  The absorption band at 800 nm is a longitudinal 
mode from 45 nm long axis of the nanorods.  As the nanorods become longer, the 
longitudinal mode can be shifted to longer wavelength.  An absorption band from the 
gold nanospheres is also seen at 548 nm due to their 43 nm diameters.   
 
Figure 1.2.   (a) UV/vis absorption spectrum of gold nanorods.  (b) SEM image of gold 
nanorods and nanospheres.  The absorbance spectrum in (a) was measured using the 
nanostructures shown in (b).  
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Visible to NIR light can not only be localized at nanostructures to generate 
LSPR, but also can be guided along the nanostructures by SPPs.  Figure 1.3 illustrates 
propagating SPPs on a metal-dielectric interface.  SPPs can travel many microns 
along an interface until the energy decays.  The propagation length in z is limited due 




Figure 1.3.  Schematic of SPPs at a metal-dielectric interface.  (Reproduced from reference 
[2]).     
 
SPPs have been observed from different kinds of nanostructures.
35
  For 
example, when light excites one end of a 100 nm-thick silver nanowire, the electric 
field is confined on the surface and propagates along the nanowire up to 40 µm.
35
 The 
localization and propagation of SPs are unique properties of metal nanostructures that 
enable the observation and manipulation of light beyond the diffraction limit.
6,7




1.2.2  Applications of SPs 
The localized SP modes on metal nanostructures have played a pivotal role in 
optical and biological applications
2,14
 and have provided the optical detection 
sensitivity necessary for single molecule applications.
16-20
  For example, hydrogen gas 
molecules have been detected at the field-enhanced gap between palladium and gold 
triangular nanostructures.
32
  As a photothermal therapy tool,
21-23
 gold nanorods have 
been used as a minimally-invasive treatment of tumor cells due to the heat created by 
the field-enhanced absorption in gold nanorods.
22
  SERS signals have been detected 
from a single dye molecule in a colloidal silver solution.
18
 
Moreover, SPPs have led to advances in the development of optoelectric 
sensors because the incident light can be converted into SPP modes, which can turn 
into electrical signals.  For instance, photonic circuits made with metal nanostructures 
result in faster than typical electrical sensors,
28
 because circuits designed with 
nanostructures can detect incident photons by the electric signals generated by the 
conversion of SPPs into electron-hole pairs. The SPP-combined electric circuit can 
overcome the conventional, far-field detection limit including the detection of 
plasmon states in which coupling to the far-field is suppressed by symmetry.
28,36
  
Despite the extensive studies on SP modes, the field enhancement 
experimentally observed is still not fully understood.  In order to study SP-assisted 
field enhancement, we have employed two nonlinear optical processes, MAIL and 
MEMAP.  The fundamentals and applications of these nonlinear processes will be 




1.3  Multiphoton absorption  
1.3.1  Fundamentals 
In 1931, Maria Gӧppert-Mayer first theoretically predicted the multiphoton 
absorption (MPA) process.
37
  Due to the requirement of high photon intensities, two-
photon absorption was first experimentally observed when the laser was developed in 
1961.
38
  In a typical two-photon absorption process, two photons of about equal 
energy are simultaneously absorbed by a molecule.  This absorption leads to an 
electronic transition, and any resulting fluorescence emission occurs at the same 
wavelengths where it can be observed following single-photon absorption of photons 
of twice the energy.  
In general, the absorption probability is proportional to the excitation intensity 
to the power of the number of photons required for the excitation transition.  
Quantum mechanical Perturbation theory can explain the absorption probability in 
MPA.
39,40
  When an electron is excited from the initial state |i> to the final state |f>, 
the transition can be explained using the electric field vector Εγ, and the position 
vector r.
39,40
  Equation (1.2) shows an example of the transition probability for two-
photon absorption.  
                  (1.2)    
In this equation, εγ is the energy of Εγ and εm is the energy difference between the 
ground state and the virtual state m.  At the virtual state m, because the lifetime of the 
excited electrons is only a few femtoseconds, simultaneous absorption of photons is 
crucial to reach the excited state.
39,40
  This equation shows the transition probability is 
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proportional to the light intensity squared.  
In order to drive the MPA process, ultrafast lasers are commonly used due to 
their high photon intensity.
41
  A typical ultrafast Ti:sapphire oscillator produces 
pulses with temporal widths of tens of femtoseconds at a repetition rate of 80 MHz (a 
12.5 ns interpulse separation time).
41
  When the femtosecond pulses are focused 
through a microscope objective, the high intensity drives the MPA process at the 
focal region.  Since MPA only occurs efficiently in the small focal volume of laser 
beam, the region that undergoes MPA can be controlled in three dimensions.  
When employing MPA, it is common to utilize objectives with high numerical 
aperture (NA) to create high photon density at the focal volume.  At the focal point, 
the number of photons absorbed per molecule per pulse
42
 can be calculated as shown 
in Eq (1.3).                                              
                  (1.3) 
In this equation, p0 is a time-averaged laser power, τ is a pulse duration, fp is a pulse 
repetition rate, and δ is the two-photon absorption cross-section, which is defined in 










1.3.2  Applications of MPA 
1.3.2.1  Optical imaging in biology  
Multiphoton microscopy has been used widely in fluorescence imaging of 
tissue specimens
42
 and living animals.
43-45
  Because multiple photons are 
simultaneously absorbed in the fluorescent molecules, a fluorescence microscope can 
10 
 
utilize visible or near-infrared (NIR) ultrafast pulses to excite the molecules instead of 
harmful ultraviolet (UV) light. The tightly focused pulses used for the imaging can 
alleviate out-of-focus photobleaching and photodamage since the tissue is transparent 
to the low-frequency radiation.
14
  
Since commercial multiphoton microscopes were introduced in 1996, 
applications of multiphoton fluorescence imaging have increased exponentially.
14  
For example, neuroscientists have directly imaged serotonin, one type of 
neurotransmitter, in cells by three-photon excitation with infrared light.
44
  
Embryologists have monitored a developing hamster embryo using multiphoton 
microscopy to study its development over a day.
46
  Nanosurgery has been 
demonstrated using a femtosecond laser to cut single axons inside the roundworm C. 
elegans in order to study nerve regeneration.
47
  Gene expression in tumor cells was 
monitored in vivo using multiphoton microscope.
48
  Using quantum dots, multicolor 
fluorescence imaging has been performed to study different biological environments 
in the skin of living mice.
43
   
 
1.3.2.2  Three-dimensional polymerization  
One of the most important applications of the multiphoton absorption process 
is fabrication of three-dimensional polymer structures.  In a typical polymerization 
process, a prepolymer resin, including monomers and a photoinitiator, absorbs UV 
light.  The UV excitation leads to the excitation of the photoinitiator.  When a MPA 
process is used for this transition, the photoinitiator can be excited with visible to NIR 
light.  The resulting radicals or cations lead to cross-linking among monomers.  
11 
 
Because MPA occurs in a tightly focused spot, the resulting polymer features can be 
as small as the focal volume of the excitation light.  Figure 1.4 shows high resolution 






Figure 1.4.  Three-dimensional polymer structures fabricated by MAP.  (a) SEM image of 
interpenetrating coils.  (b) SEM image of a cantilever.  The scale bars are 10 µm. 
(Reproduced from reference [41]).        
 
In order to decrease the polymer sizes for fabricating high resolution devices, 
many methods have been developed utilizing the principles of MAP.  For example, a 
polymer feature of 80 nm, which is λ/10, where λ is an excitation wavelength, has 
been fabricated by combining MAP and modifications of the development process.
49
  
Shorter excitation wavelengths can increase the resolution (d) as shown in Eq (1.4),
27
                                 (1.4) 
where α is the half angle over which light is focused.  However, the feature size along 
12 
 
the z-axis is roughly three times bigger than that in lateral xy- axis.
14,27
  A recent 
paper reported the achievement of λ/20 polymer features using resolution 
augmentation through a photo-induced deactivation (RAPID) method.
50
  The use of 
RAPID lithography with visible light can make high resolution integrated circuits 






1.4  Multiphoton absorption of plasmonic nanostructures 
MAIL is a result of an MPA process performed using plasmonic metal 
nanostructures.  MAIL was first observed from noble metal surfaces in 1986.
51
  Boyd 
et al. further showed that field enhancement by SPs was strengthened at rough 
surfaces.
51
  Because an MPA process is involved, MAIL from metal nanostructures 
can be observed with NIR excitation.  For example, gold nanoparticles have been 
found to luminesce in the visible after absorbing three NIR photons simultaneously.
52
 







  As the SPR changes with the 
different shapes of nanostructures examined, the respective MAIL intensities are also 
modified. It is well known that SPs become stronger at the sharp edges of the 
nanostructures due to the crowding of the electromagnetic fields, also known as the 
“lightning rod” nanoantenna effect.
54-56
  As a result, the sharp edges on single 
nanostructures
53
 and small gaps
54
 between multiple nanostructures show very 
efficient MAIL.  
13 
 
MAIL from metal nanostructures has been extensively used in nonlinear 
optical biological imaging.  For example, two-photon luminescence imaging was used 
with individual gold nanorods to follow flow in mouse ear blood vessels.
45
  Cancer 




 In MEMAP, the presence of metal nanostructures can induce MAP at a much 
lower excitation intensity than required for typical polymerization due to the field 
enhancement by SPR.  MEMAP can create polymer features as small as a few 
nanometers due to the LSPR.  For example, when light excites a gap of a few 
nanometers in a gold bowtie nanoantenna, a polymer feature of 30 nm in size can be 
created.
26
  MEMAP has also been observed from gold nanorods,
57
 and a metal-coated 
AFM tip.
58
   
Nonlinear optical processes such as MAIL and MEMAP highlight the 
significance of controlling the properties of SPR on metal nanostructures, because the 
luminescence and polymerization occur efficiently where field enhancement is 
strongest.  However, these nonlinear optical properties have previously been observed 
from randomly dispersed nanostructures
52
 or nanostructures in uniform arrays.
57
  In 
this dissertation, I present studies of MAIL and its correlation to individual 
nanostructures of different shapes.  The relationship between the MAIL and MEMAP 






1.5  Thesis outline 
 Plasmonic metal nanostructures exhibit unique optical signals over a broad 
range of spectral wavelengths.  The optical fields from the nanostructures are 
enhanced due to the LSPR and SPPs.  To study the SP-associated field enhancement, 
we used plasmonic gold and silver nanostructures.  Two nonlinear optical processes, 
MAIL and MEMAP, were examined using different shapes of the nanostructures.  
Chapter 2 will show MAIL and its correlation to MEMAP in gold nanoparticle 
aggregates.  The relationship between the efficient MAIL intensities and the polymer 
features created from each nanoparticle will be discussed.  
 In order to further examine our observation of MAIL and its correlation to 
MEMAP, we used uniform gold nanowires.  Chapter 3 will discuss how plasmonic 
nanowires exhibit MAIL.  In addition, I will discuss how polymerization occurs from 
luminescent nanowires when three different kinds of photoresists are employed.     
 Chapter 4 will present the observation of MAIL and MEMAP using gold 
nanoplates.  The polarization-dependent MAIL intensity patterns from single 
triangular and hexagonal nanoplates will be discussed.  I will present the 
luminescence and its correlation to the polymerization induced in localized areas of 
the nanoplates.        
 In addition to the study of LSPR using gold nanostructures, I will also present 
the study of SPPs using silver nanowires in Chapter 5.  Because the silver nanowires 
can support SPP propagation for many microns, I was able to observe MAIL and 
MEMAP at remote positions from the light excitation areas. I will also discuss how 




 Chapter 6 will discuss the nonlinear optical properties of carbon 
nanomaterials.  To date the optical properties of carbon nanotubes (CNTs) were 
studied using CNTs in solutions or using randomly dispersed nanotubes.  The optical 
signals measured from these samples contain information from aggregated nanotubes.  
In Chapter 6, I will present MAIL signals from individual multiwalled nanotubes.  In 
addition, MAIL and its correlation to polymerization using single-walled nanotubes 
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2.1  Introduction 
Due to the localized surface plasmon resonance (LSPR), metallic 
nanostructures are well known to enhance electromagnetic fields by orders of 
magnitude.
1,2
  This field enhancement has led to the ability to detect single molecules 
in many analytical techniques.
3-5
  For example, surface-enhanced Raman scattering 
(SERS) signals have been observed from single molecules due to the SPR of metal 
nanoparticles.
6-11
  Additionally, surface-enhanced infrared absorption (SEIRA) 
technique has provided up to a three order of magnitude increase in vibrational 
absorption signals.
12-16
   
Despite the wealth of experimental studies on field-enhanced phenomena of 
noble-metal nanostructures, theory has yet to explain fully the extreme enhancements 
of signals that, for instance, make possible the detection of single molecules via 
SERS.
6-11
  It is clear that aggregates of nanoparticles can provide considerably larger 
field enhancements than do individual particles, but even the multiple-particle 
structures that have been examined theoretically do not appear capable of generating 




An important experimental tool for understanding field enhancement is the 
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correlation of different field-enhanced phenomena with one another and with 
nanostructure geometry. This type of strategy, for example, led to the realization that 
aggregates of particles can have considerably larger SERS signals than do single 
particles.
11,19,20
  Here we apply such an approach to two other phenomena involving 
field enhancement, multiphoton-absorption-induced luminescence (MAIL) and metal-
enhanced multiphoton absorption polymerization (MEMAP) using gold 
nanoparticles.  
MAIL has been observed to be a two-photon process for 800 nm excitation in 
most studies of gold nanostructures.
21-24
  However, some gold nanoparticles have 
been found to have extremely large MAIL signals, and in this case MAIL is a three-
photon process with 800 nm excitation.
25
  On the other hand, MAIL from silver 
nanoparticles is a two-photon process with 800 nm excitation.
26
  One recent paper has 
proposed that the efficient luminescence following three-photon excitation at 800 nm 




In multiphoton absorption polymerization (MAP)
27-29
 the absorption of two or 
more photons of light is used to excite photoinitiator molecules that drive 
polymerization in a prepolymer resin.  The photons are of too long of a wavelength to 
be absorbed individually, and so must be absorbed simultaneously.  As a result, the 
absorption probability scales as the light intensity to the power of the number of 
photons required for excitation.  Excitation, and therefore polymerization, can thus be 
constrained to occur within the focal volume of a tightly focused laser beam.  By 
using an ultrafast laser, which produces short, intense pulses with a low duty cycle, 
25 
 
MAP can be accomplished at low average laser power.  
Because multiphoton absorption is a nonlinear optical process, its probability 
can be increased substantially by field enhancement.  The idea behind MEMAP is to 
take advantage of this field enhancement to perform MAP at laser intensities that 
would normally be below the threshold for causing polymerization.  MEMAP has 
been reported on gold nanostructures created by shadow-sphere lithography,
30
 in the 
controlled gaps of nanoscale gold structures
23,31
 and at a metal-coated AFM tip.
32
  




In this Chapter we present the results of studies in which MAIL and MEMAP 
were performed on the same set of gold nanoparticles on glass substrates.  The 
particles were also imaged with scanning electron microscopy (SEM) to correlate 
optical properties with structure.  We find that both MAIL and MEMAP are most 
efficient in small clusters of nanoparticles, and that there is a strong correlation 
between the two phenomena.  Wavelength-dependent studies indicate that the 
dominant mechanism for MEMAP in our systems is not field-enhanced two-photon 




2.2  Experimental Section 
2.2.1  Nanoparticle Synthesis 





  As an initial step, 0.139 g of HAuCl4 was dissolved in 250 mL 
of distilled water.  The solution was brought to a boil, and then 20 mL of a 1 wt% 
sodium citrate solution was added under rapid stirring.  To induce further reduction, 
boiling was continued for about 20 min.  The size of the synthesized gold 
nanoparticles (26 nm) was determined by both UV/visible absorption and 
transmission electron microscopy.  
Gold nanoparticles were coated with silica shells following literature 
methods.
34,35
   A 500 μL sample of an aqueous solution of 1 mM (3-
aminopropyl)trimethoxysilane (APTS) was added slowly to 100 mL of an Au 
nanoparticle solution under vigorous stirring and allowed to react for 15 min.  Next 1 
g of sodium silicate solution was diluted to 50 mL with distilled water. The pH of the 
sodium silicate solution was adjusted to 10 by addition of a cation exchange resin.  
The active silica solution (4 mL) was added to the APTS/gold nanoparticle 
suspension under vigorous stirring.  Further polymerization of active silica in the 
solution (at pH 8.5) was allowed to proceed for one day.  The resulting silica shells 
on the gold nanoparticles were imaged by transmission electron microscopy, and had 
an average thickness of 2 nm.  
 
2.2.2  Sample Preparation 
To disperse the nanoparticles for experiments, a 3 μL sample of gold 
nanoparticle solution was placed on a coverslip that had been first treated with an 
oxygen plasma and with a solution of 2 vol% of (3-acryloxypropyl) trimethoxysilane, 
5 vol% of deionized water, and 93 vol% of ethanol for 12 hr to improve adhesion of 
27 
 
the final polymeric structures.
36
  The sample was then placed in an oven at 110 °C for 
3 min to evaporate the solvent.  
The acrylic resin used was composed of 54 wt% dipentaerythritol 
pentaacrylate esters (SR 368 Sartomer), 43 wt% tris(2- hydroxyethyl) isocyanurate 
triacrylate (SR 399 Sartomer), and 3 wt% Lucirin TPO-L (BASF) as a photoinitiator.  
The chemical structures of each monomer and the photoinitiator are shown in Figure 
2.1a.  Figure 2.1b is a schematic of the polymerization process of the acrylate 
monomers with the photoinitiator.  After thorough mixing, one drop of the resin was 
placed on the nanoparticle-coated substrate.  A layer of Scotch tape was placed on the 
coverslip as a spacer, and then a second coverslip was placed on top of the tape. The 
sandwiched sample was mounted on a computer-controlled, 3D, piezoelectric 
nanostage (Physik Instrumente).  
 
2.2.3  Imaging and Fabrication 
A tunable Ti:sapphire laser (Coherent Mira 900-F) produced pulses of 150 fs 
duration at a repetition rate of 76 MHz. The beam was introduced into an inverted 
microscope (Zeiss Axiovert 100) through the reflected light-source port and was 
directed to the objective by a dichroic mirror.  A 1.45 NA, 100×, oil-immersion 
objective (Zeiss R Plan-FLUAR) was used for MAIL imaging and multiphoton 
fabrication. Scanning was performed with the piezoelectric sample stage or with a set 
of galvanometric mirrors. The luminescence signal was collected by a single-photon-
counting avalanche photodiode (EG&G) and the signal was transferred to a computer 




Figure 2.1.  (a) Chemical structures of SR 399, SR 368, and Lucirin TPO-L.  (b) A typical 
polymerization of acrylate monomers.   
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construction were performed with software written in LabView (National 
Instruments).  
For MAIL imaging, typically an area of 30 μm
2
 was scanned with 140 × 140 
pixel resolution in 10 s.  Filters that cut off the excitation light were placed before 
the detector. MEMAP was performed under similar conditions or simultaneously with 
MAIL imaging.  MAP was used to create markers on the substrate so that the same 
sample region could be located reproducibly.  For SEM imaging, samples were 
sputter-coated with approximately 10 nm of Pt/Pd.  Shown in Figure 2.2 are a typical 
gold MAIL spectrum
25
 along with the one-photon absorption and two-photon
  
Figure 2.2. Linear absorption spectrum (black) and two-photon polymerization action 





polymerization action spectra of Lucirin TPO-L.
34
  The two-photon polymerization 
action spectrum is the inverse of the square of minimum laser excitation intensity that 






2.3 Results and discussion  
Our initial experiments focused on correlating MAIL efficiency with 
nanoparticle morphology.  Gold nanoparticles were coated on a glass coverslip and 
MAIL experiments were performed with 800 nm excitation.  The excitation intensity 
was less than 2 mW at the sample.  Typical MAIL data are shown as 3D and contour 
plots in panels a and b of Figure 2.3, respectively.  The luminescent regions span a 
broad range of intensities, as has been observed previously.
25
  An SEM image of the 
same region of the gold nanoparticle sample is shown in Figure 2.3c.  It is apparent 
from this image that there are significant aggregates of nanoparticles on the substrate.  
In general, the regions of brightest luminescence correspond with the positions of 
aggregates.   
To explore this correspondence in more detail, Figure 2.4 is an overlay of the 
matching regions of the MAIL image and the electron micrograph. The aggregate of 
three nanoparticles marked A has only modest MAIL intensity, whereas the larger 
aggregates B and C both exhibit considerably brighter luminescence.  The 




Figure 2.3.  (a) 3D and (b) contour plots of MAIL from gold nanoparticles deposited on a 
glass substrate and excited with 800 nm light. The intensity scale is the same for both images. 
(c) An SEM image of the same region of the sample. 
 
aggregate.  For example, the most aggregated cluster D shows the modest MAIL 
intensity and the brightest MAIL intensity is shown from the aggregate E in the 
figure.  However, the MAIL intensity depends upon the aggregate structure as well.  
This enhancement of emission due to aggregation is reminiscent of the effects that 
have been seen in SERS, in which aggregates can have considerably larger field 
enhancements than do single nanoparticles.
11,20
  
To investigate the origin of MAIL further, we studied particles with a 2 nm 
coating of silica.  As we observed previously,
25
 the silica coating does not lead to any 
significant change in MAIL behavior. SEM studies of samples of silica-coated 
particles indicated the presence of aggregates similar to those observed for uncoated 
nanoparticles.  As also was the case for the uncoated nanoparticles, we found a strong 
correlation between aggregation and luminescence intensity in the coated particles. 
The aggregate shape again plays an important role in determining the luminescence 
intensity of the silica-coated nanoparticles.  The MAIL intensity measured from the 
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nanoparticle aggregates was up to 2000 photon counts, which was the detection limit 
of the photodiode.  This result demonstrated that MAIL signals from the aggregates 
were enhanced by at least three orders of magnitude comparing to those from single 
nanoparticles.    
 
 
Figure 2.4.  An overlay of the MAIL and SEM images from Figure 2.3 (top) and close-up 
SEM images of selected emitting aggregates (bottom). The magnifications of the close-ups 
vary. 
 
We also examined the effect that the 10-nm coating of Pt/Pd that was applied 
to the samples for SEM imaging had on MAIL.  Pt/Pd films on glass do not exhibit 
MAIL, and gold nanoparticles that are encapsulated completely in Pt/Pd would not be 
expected to luminesce. However, the majority of particles that luminesced before 
coating the substrate with Pt/Pd also luminesced afterward, albeit with a somewhat 
diminished intensity.  Thus, coating particles and aggregates on one side with another 
metal does not have a substantial influence on MAIL efficiency.  There was no 
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obvious correlation of particle shape or aggregation with the areas in which the MAIL 
did disappear upon Pt/Pd coating.  
Our previous studies have demonstrated that MAIL from gold nanoparticles 
involves a three-photon excitation process at 800 nm.
25
  Similar results were obtained 
for 900 nm excitation.
25
  This observation is surprising, since other studies have 
shown MAIL from different gold structures to arise from two-photon excitation at 
800 nm.
21,23,37,38
  Furthermore, neither 800 nor 400 nm light is within the plasmon 
band of the gold nanoparticles employed here, so plasmonic enhancements would not 
be expected to be significant. We believe that the implication of these results is that 
our experimental protocol selects for particles or aggregates of particles that have a 
particularly large three-photon-absorption cross-section.
26
  It is additionally possible 
that the aggregates that exhibit strong MAIL with 800 nm light have collective 
plasmon bands that are red-shifted enough to have significant absorption at this 
wavelength.  
If the efficiency of MAIL depends upon shifted plasmon bands in aggregates, 
then the MAIL efficiency of different aggregates would be expected to be a function 
of excitation wavelength.  To explore this issue, we performed MAIL experiments on 
the same region of a sample with 725, 800, and 890 nm excitation.  The MAIL 
emission taken at the three wavelengths ranged from the near-infrared to the visible 
region of the spectrum and appeared to be independent to the number of photons 
absorbed by the gold nanoparticles because no significant changes in spectral shapes 
were observed with different excitation intensities.  The MAIL intensities from each 
aggregate were examined using single photon counting photodiode.  Representative 
34 
 
MAIL intensity images from one such study are shown in Figure 2.5.  For 725 and 
800 nm light, the excitation power was less than 2 mW at the sample, whereas for 890 
nm light the excitation power was on the order of 10 mW at the sample.  The images 
for 725 and 800 nm excitation are similar. With 890 nm excitation, the most 
prominent MAIL emission arises from regions that do not luminesce as strongly with 
shorter wavelength excitation.  Comparison with an SEM image of the same region 
did not reveal a clear correlation between structure and the wavelength dependence of 
the MAIL efficiency, but our results suggest that at least for long wavelength 
excitation aggregates with significantly red-shifted plasmon bands may be involved.   
Figure 2.5.   Contour plots of MAIL from gold nanoparticles on the same region of a glass 
substrate excited with (a) 725, (b) 800, and (c) 890 nm light. 
 
We next turn to MEMAP and its correlation with MAIL. The radical 
photoinitiator used for these studies, Lucirin TPO-L, has a two-photon polymerization 
action spectrum that has a peak at 725 nm (Figure 2.2).  The polymerization action 
spectrum is negligibly small at wavelengths longer than 850 nm.
36
  We first 
performed experiments at 800 nm, a wavelength at which MAP can easily be 
performed with this photoinitiator.
34
  Prepolymer resin was placed on top of a 
substrate that had been coated with gold nanoparticles. The laser beam was scanned 
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over the sample at an intensity too low to lead to polymerization in the pure 
prepolymer resin but high enough to obtain high-quality MAIL images. A MAIL 
image from a representative sample is shown in 3D form in Figure 2.6a and as a 
contour plot in Figure 2.6b.  An SEM image of the same sample area (Figure 2.6c) 
demonstrates the presence of both individual nanoparticles and aggregates. 
Overlapping the MAIL and SEM images reveals that once again the brightest 
emission arises from regions that contain aggregates of particles (Figure 2.7).  
Nanoparticles that do not show strong MAIL emission, such as particle A in Figure 
2.7, do not exhibit any polymerization.  However, particles or aggregates that do 
exhibit MAIL such as B and C in Figure 2.7, also have a polymer coating. Similar 
results were obtained with excitation at 725 nm.  
 
 
Figure 2.6.  (a) 3D and (b) contour plots of MAIL from gold nanoparticles deposited on a 
glass substrate, immersed in prepolymer resin, and excited with 800 nm light. The intensity 
scale is the same for both images. (c) An SEM image of the same region of the sample. 
 
If the prepolymer resin is prepared without any photoinitiator, MAIL emission 
is observed but polymerization does not occur even at high laser intensity. We can 
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therefore conclude the photoinitiator is essential for MEMAP. This result implies that 
multiphoton excitation does not lead to ejection of electrons from the gold 
nanoparticles, at least in quantities sufficient to cause polymerization.  
 
Figure 2.7.  An overlay of the MAIL and SEM images from Figure 2.6 (top) and close-up 
electron micrographs of selected particles and aggregates without a polymer shell (bottom 
left) and with a polymer shell (bottom center and bottom right). The magnifications of the 
close-ups vary. 
 
Our results indicate that there is a direct correspondence between MAIL and 
MEMAP. This conclusion is consistent with the results of previous studies in 
indicating that field enhancement can lead to being able to perform MAP at lower 
intensities than is possible in the absence of noble-metal structures.
23,30-32
  However, 
we must still establish the role played by field enhancement in MEMAP.  One 
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possibility is that field enhancement increases the effective two-photon absorption 
cross section of nearby photoinitiator molecules. This mechanism has been assumed 
to be the source of MEMAP in previous reports.
23,30-32
  However, MAIL from gold 
occurs across the visible spectrum,
25
 and so it is also possible that the emitted light 
causes polymerization directly by exciting the photoinitiator molecules.  Indeed, it is 
due to this second potential mechanism that we call the effect metal-enhanced MAP 
rather than field-enhanced MAP.  
Our observations offer a number of clues into the mechanism of MEMAP in 
gold nanoparticles and aggregates.  First, field enhancement is expected to occur in 
localized hot spots in nanoparticle aggregates. Because polymerization takes place in 
a solvent-free resin in our system, radicals do not diffuse over a significant distance 
before reacting.  Thus, field-enhanced two-photon absorption would be expected to 
lead to asymmetric polymerized regions around aggregates with hot spots.  However, 
the polymerized region is generally spread uniformly about the aggregates for which 
MEMAP occurs.  Second, the pattern of field enhancement is expected to be 
dependent upon the polarization of the light.  We have observed no preference for the 
polymerized pattern to be stretched or otherwise affected along the polarization axis 
of the excitation light.  Third, silica coating of the nanoparticles does not have any 
appreciable effect on the efficiency of MEMAP.  Taken together, these factors 
suggest that MEMAP in this system does not arise from field-enhanced two-photon 
absorption of the photoinitiator.  
To seek more definitive evidence for the origin of MEMAP, we performed 
experiments using 890 nm excitation.  Because the two-photon absorption cross 
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section of Lucirin TPO-L is vanishingly small at this wavelength, in the absence of 
gold nanoparticles we were not able to observe MAP in the prepolymer resin even at 
very high laser powers (100 mW) of 890 nm light.   
Shown in panels a and b of Figure 2.8 are 3D and contour plots, respectively, 
of MAIL from gold particles in the prepolymer resin excited by 890 light with 
approximately 6 mW of excitation power at the sample.  The corresponding SEM 
image of this region of the sample is shown in Figure 2.8c.  The overlap of the MAIL 
and SEM images (Figure 2.9) shows once again that larger aggregates tend to have 
higher emission intensities.  
 
 
Figure 2.8.  (a) 3D and (b) contour plots of MAIL from gold nanoparticles deposited on a 
glass substrate, immersed in prepolymer resin, and excited with 890 nm light. The intensity 
scale is the same for both images. (c) An SEM image of the same region of the sample. 
 
Also shown in Figure 2.9 are close-up SEM images of different particles and 
aggregates. Aggregates A, B, and C all show strong MAIL emission and have 
polymerized shells around them.  However, the particles and aggregates D, E, and F 
do not exhibit detectable MAIL emission at this excitation intensity and do not have 
39 
 
polymerized shells about them.  Once again there is a direct correspondence between 
MAIL emission and MEMAP.  
 
 
Figure 2.9.  An overlay of the MAIL and SEM images from Figure 2.8 (top) and close-up 
SEM images of selected particles and aggregates with a polymer shell (middle) and without a 
polymer shell (bottom). The magnifications of the close-ups vary. 
 
 
2.4  Discussion 
The results presented here clarify a number of issues regarding field-enhanced 
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phenomena of gold nanoparticles.  While our studies have focused on MAIL and 
MEMAP, what we have learned may have implications for other processes that 
depend on field enhancement as well.  
Our first important observation is that efficient MAIL generally arises from 
aggregates rather than from single particles.  This result is consistent with previous 
observations that aggregates of nanoparticles give considerably stronger SERS 
enhancements than do single particles.
11,19
  Not all aggregates of the same size lead to 
MAIL emission, indicating that shape plays an important role in this process as well. 
For instance, we rarely observe strong MAIL signals from linear aggregates, even 
when they contain four or more particles.  Additionally, the emission efficiency for 
different aggregates depends upon the excitation wavelength.  Thus, high MAIL 
efficiency may in part result from having a plasmon band that is sufficiently red-
shifted to overlap well with the excitation wavelength.  However, our results suggest 
that the plasmon band is not the only important factor in MAIL.  
The second important observation is that there is a strong correspondence 
between the particles and aggregates that exhibit strong MAIL and those that exhibit 
strong MEMAP.  We can conclude from this result that MAIL and MEMAP both 
depend on field enhancement. However, as discussed above a number of facets of our 
results with 800 nm excitation call into question whether MEMAP occurs through 
field enhancement of the two-photon absorption of the photoinitiator molecules.  
The third key observation is that MEMAP occurs with 890 nm laser pulses, 
even though two-photon excitation of the photoinitiator is not possible at this 
wavelength.  The most likely explanation for this phenomenon is that three-photon 
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excitation of the nanoparticles leads to MAIL emission that in turn excites the 
photoinitiator.  Thus, in our system MEMAP is likely to be a consequence of MAIL 
rather than a direct effect of field enhancement.  It remains possible that field 
enhancement promotes three-photon excitation of the photoinitiator, but we view this 
explanation as unlikely for a number of reasons.  First, even at very high excitation 
powers (on the order of 100 mW) it is not possible to excite the photoinitiator directly 
with three 890 nm photons.  Second, as discussed above, the MEMAP process creates 
a polymer shell that extends over the entire nanoparticle or aggregate, and does not 
show any elongation along the direction of the laser polarization.  A field-
enhancement hot spot may drive emission anywhere within an aggregate, but is likely 
to have a considerably more localized effect on polymerization.  MAIL emission is 
expected to be relatively isotropic, and so would lead to uniform polymer shells 
around luminescent regions of nanostructures.  The bandwidth of our laser pulses is 
small enough (10 nm) that we can also rule out two-photon excitation of the 
photoinitiator from photons at the blue tail of the laser spectrum when the center 
wavelength of the pulses is 890 nm.  
As the results of our MEMAP experiments are similar for excitation 
wavelengths ranging from 725 to 890 nm, it appears likely that the mechanism is the 
same over this entire tuning range.  It remains possible that enhanced two-photon 
absorption and excitation via MAIL emission both play a role in MEMAP at the 
shorter wavelengths, but as the qualitative features of MEMAP are independent of 
wavelength over the range studied, we believe that the latter mechanism dominates in 
all of our experiments.  
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It is natural to ask whether the mechanism that is responsible for MEMAP in 
our system was also operative in previous reports of this effect.
23,30-32
  It is not 
possible to give a definitive answer for this question at present, as different 
nanostructures, photoinitiators, and polymer systems were used in the previous 
studies. MAIL emission was observed in gold nanobowties, and was strongest in the 
region in which MEMAP occurred.
23
  However, MAIL in the bowtie system arose 
from two-photon absorption, and so the essential physics may be different from that 
of our nanoparticles and aggregates.  It will be interesting to employ wavelength-
dependent studies to investigate the mechanism for MEMAP in these other systems.  
Finally, we should also consider whether MAIL plays a role in other field-
enhanced effects of noble-metal nanostructures.  For instance, SERS is known to be 
most efficient in dimers or other aggregates of nanoparticles.
11,19
  However, 
calculations of the field enhancements available from such aggregates cannot account 
for the highest observed enhancements of Raman scattering.  In a full quantum 
treatment of spontaneous Raman scattering, a vacuum field at the scattered frequency 
is involved.
39
  Any process that increases the field at the scattered frequency above 
the vacuum level will act to increase the efficiency of the SERS process, and so it is 
possible that MAIL plays a role in this technique under some circumstances.  
The studies reported here were performed with ultrafast lasers, and SERS is 
generally performed with CW lasers.  MAIL with CW lasers would be expected to be 
a weak effect, but we should note that MEMAP has been reported with an incoherent 
light source.
31
  Even a weak MAIL effect may have the potential to increase the 
efficiency of SERS measurably. 
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2.5  Conclusions 
In this chapter we have explored the connection between two field-enhanced 
phenomena of noble-metal nanostructures, MAIL and MEMAP.  Aggregation of 
nanoparticles increases the efficiency of both of these phenomena.  We have found a 
strong correlation between particles and aggregates that exhibit MAIL and MEMAP.  
On the basis of wavelength-dependent studies, we believe that the predominant 
mechanism for MEMAP in the systems studied here is MAIL-mediated excitation of 
the photoinitiator rather than field-enhanced two-photon absorption.  This mechanism 
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 3.1  Introduction 
Field enhancement
1,2
 by metal nanostructures has played a pivotal role in 
optical measurements beyond the diffraction limit.
3,4
  Optical studies of metal 
nanomaterials have been performed using surface-enhanced Raman scattering 
(SERS),
5





 and metal-enhanced multiphoton absorption 
polymerization (MEMAP).
7,9
  In order to develop a better understanding of the field 
enhancement of plasmonic nanostructures, correlations among different optical 
phenomena in a single sample have been studied.  For example, the relationship 
between the efficiencies of MAIL and MEMAP in gold nanoparticle clusters was 
discussed in the last Chapter. The efficiencies of MEMAP and SERS have also been 
examined on silver nanostructures.
10
  
Luminescence of metal nanomaterials induced by a multiphoton absorption 
process was discovered more than 20 years ago.
11
  Since then, MAIL has been 













  The 
emission spectrum of MAIL in most cases spans the visible region and extends into 
                                                 
*
 Reproduced with permission from [Nah et al., J. Phys. Chem. C, 2010, 114 (17), pp 7774–
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the ultraviolet and near-infrared regions of the spectrum.  As discussed in Chapter 2, 
the broadband emission of MAIL was recently used as the predominant source of 
polymerization of gold nanoparticles.
7
  
In the presence of metal nanostructures, it is possible that MEMAP can be 
initiated with excitation intensities below the typical threshold of the photoresist due 
to field enhancement.  MEMAP has been investigated for a wide range of metal 






 and sharp 
metallic tips.
17
  Originally, it was thought that when ultrafast near-infrared pulses 
excite metal nanostructures in a prepolymer resin, the photoinitiator molecules near 
the nanostructures can be excited by two-photon absorption and induce 
polymerization.
16
  However, study in Chapter 2 demonstrated that for nanoparticle 
aggregates, MEMAP could be driven equally efficiently even at wavelengths for 
which two-photon excitation of the photoinitiator was not possible.
7
  This result 
strongly suggests that MAIL from the nanostructure can drive the transition of the 
photoinitiator by single photon absorption of broadband luminescence from gold 
nanoparticles.
7
    
In order to explore the dominant mechanism of MEMAP and its correlation to 
MAIL in greater detail, we used gold nanowires because their uniform geometry.  By 
maintaining good control of the morphology, we can rule out the effects from 
aggregates and defects.  Different types of photoinitiators and photoresists were 
employed to observe the MEMAP process in order to generalize these results.  In this 
Chapter, the strong correlation between MAIL and MEMAP from gold nanowires 
will be discussed.  We will demonstrate based on wavelength-dependent studies that 
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the dominant mechanism of MEMAP is the single-photon excitation of the 





3.2  Experimental Section 
3.2.1  Sample preparation   
To promote adhesion
18
 of polymeric structures created with multiphoton 
absorption polymerization (MAP), glass coverslips were pretreated by immersion in a 
solution of 93 vol% ethanol, 5 vol% distilled water and 2 vol% (3-acryloxypropyl) 
trimethoxysilane (95 %, Gelest, Inc.) for 12 h.  The coverslips were then rinsed in 
ethanol for 1 hour and dried in an oven at 95 °C for 1 hour.   
In order to facilitate the identification of specific nanowires with scanning 
electron microscopy (SEM) imaging after MAIL and MEMAP experiments, MAP
19-21
 
was used to write lines forming a 75 μm × 75 μm grid divided into 36 squares on the 
substrate.  An acrylic resin composed of 54 wt% tris(2- hydroxyethyl) isocyanurate 
triacrylate (SR 399, Sartomer), 43 wt% dipentaerythritol pentaacrylate esters (SR 
368, Sartomer), and 3 wt% Lucirin TPO-L (BASF)  was used to fabricate the 
patterns. 
 MAP was performed using the same laser and microscope system used for 
MAIL excitation and imaging described in Chapter 2.  Using a tunable femtosecond 
Ti:sapphire oscillator (Coherent Mira 900-F) and an oil-immersion objective (Zeiss R 
Plan-FLUAR) on an inverted microscope (Zeiss Axiovert 100), polymer features 
were fabricated at a stage velocity of 20 μm/sec.  After fabrication, the unexposed 
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resin was rinsed in dimethylformamide two times for 3 min each, following by two 
rinses in ethanol for 3 min each. 
Once patterned substrates had been prepared, one drop of a gold nanowire 
suspension was placed on the coverslip in the region with the pattern.  The synthesis 
of gold nanowires has been described previously.
22,23
  The gold nanowire suspension 
was prepared by mixing approximately 200 µg of dried gold nanowires with 200 μL 
of distilled water.  Sonication for 30 min dispersed the gold nanowires thoroughly in 
the distilled water, and a light pink suspension was obtained.  To deposit the gold 
nanowires on the patterned substrates, the distilled water was evaporated in an oven at 
95 °C for 3 min. 
 
3.2.2  Acrylic photoresists for MEMAP   
The acrylic photoresist was composed of 55 wt% SR 399, 44 wt% SR 368, 
and 1 wt% of a radical photoinitiator.  We tested two different radical photoinitiators, 
2-benzyl-2-dimethylamino-1-(4-morpholinophenyl)-butanone-1 (Irgacure 369, Ciba) 
and 1-hydroxy cyclohexylphenylketone (Irgacure 184, Ciba).  After thorough mixing, 
one drop of a prepolymer photoresist was placed on a substrate with gold nanowires.  
The sample was then covered with a coverslip using a layer of Scotch tape as a 
spacer. 
For development after MEMAP experiments, samples were immersed in 
dimethylformamide for 3 min twice and then in ethanol for 3 min twice to remove 
any unpolymerized resin.  After drying, samples were sputter-coated with 10 nm of 
Pt/Pd for SEM imaging. 
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3.2.3  SU8 photoresists for MEMAP    
Commercial SU8 2000 Series resists (MicroChem) are composed of 23−96 
wt% of cyclopentanone, 0.3−5 wt% of triarylsulfonium hexafluoroantimonate salts in 
propylene carbonate, and 3−75 wt% of epoxy resin.  The structure of SU8 is shown in 
Figure 3.1.  SU8 undergoes cationic polymerization rather than radical 
polymerization, and so uses a photoacid generator (PAG) rather than a radical 
photoinitiator.  
SU8 with a low concentration of PAG was prepared as follows.  
Triarylsulfonium hexafluoroantimonate salts in propylene carbonate (0.006 g; 50 %, 
Aldrich) was mixed with 1.5 g of cyclopentanone (99 %, Fluka).  The mixture was 
then further diluted to 0.01 wt% of PAG in cyclopentanone.  EPON Resin SU8 
(EPIKOTE
TM
 157, Hexion) was ground into fine powder and blended with the 
mixture in a 1:1 weight ratio so that the final SU8 photoresist would contain 0.01 
wt% PAG.   
 
Figure 3.1.  Chemical structure of SU8 (left hand side).  During the postbake at 95 C after 
the NIR exposure, the oxygen of the epoxy group forms hydroxyl group by combining with 
the photoacid (H+), and SU 8 monomers start to be cross-linked and become polymers (right 
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hand side).  
 
The mixture was dissolved completely after 4 h and was filtered twice through 
200-nm pores.  To render the SU8 photoresist viscous enough to be spread out as a 
film, the solution was heated in an oven at 95 °C for 5 min and then at 110 °C for 2 
min.  After repeating this evaporation process until three-fourths of the original 
volume remained, the sample was cooled to room temperature.      
One drop of SU8 photoresist was placed on a substrate with gold nanowires.  
Spinning at 4000 rpm for 1 min formed a 20-μm-thick film.  The SU8 film was then 
placed in an oven to bake at 65 °C for 2 min, at 95 °C for 20 min, and then at 65 °C 
for 5 min.  After this prebake, the sample was cooled to room temperature. 
After MEMAP exposure, the SU8 film was postbaked by placing it in an oven 
at 65 °C for 2 min, at 95 °C for 20 min, and then 65 °C for 5 min.  During the 
postbake, the generated acid diffuses and leads to the crosslinking among monomers.  
After the sample was cooled to room temperature, it was rinsed in SU-8 Developer 
(MicroChem) for 6 min two times, following by an isopropanol rinse for 3 min.  After 
drying, the sample was sputter-coated with 10 nm of Pt/Pd for SEM imaging. 
 
3.2.4  MAIL imaging and MEMAP   
The laser described above was employed for the MAIL and MEMAP studies.  
The laser was tuned from 724 nm to 930 nm to cover the wavelength range used in 
the experiments.  The objective and microscope are the same ones described above.  
Samples were mounted on a three-dimensional (3D) piezoelectric stage (P-562 
PIMars
TM
 XYZ Piezo System, Physik Instrumente) for fine sample positioning in all 
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dimensions.  The piezo stage was attached to a motor-driven stage (Bioprecision, 
Ludl Electronic Products) for coarse sample positioning. 
To capture the MAIL images, the beam was scanned over a sample using 
galvanometric mirrors.  All luminescence signals were detected by a single-photon-
counting avalanche photodiode (EG&G) and transferred to a computer.  Scanning of 
the sample and imaging of luminescence were performed using programs written in 
LabView (National Instruments). 
In typical MAIL and MEMAP experiments, the beam scanned an area of 
about 2.5 μm
2
 containing a single gold nanowire for 2 s with 88  88 pixel resolution.  
The scanning was repeated three times, and the MAIL signals were averaged.  For 
samples with photoresists, MAIL and MEMAP were typically performed 
simultaneously.  For samples without a photoresist, immersion oil (Immersol 518 F 
fluorescence free, Zeiss) was placed on the substrate to facilitate the identification of 
single gold nanowires for MAIL studies. 
 
 
3.3  Results  
The linear absorption spectra of thin films of the photoresists used in this study are 
shown in Figure 3.2, denoted by the relevant photoinitiator.  The linear absorption of 
Irgacure 369 and the PAG cuts off before 450 nm, and the absorption of Irgacure 184 
cuts off at about 375 nm.  To determine the longest wavelength at which MAP was 
possible using two-photon absorption in the absence of metal nanowires, we 
performed wavelength-dependent studies up to the maximum laser power available 
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(~12 mW; all reported laser powers are at the sample).  For Irgacure 369 and Irgacure 
184, MAP was not observed at any intensity at wavelengths of 890 nm and longer.  
However, for commercial SU8 we observed MAP at low laser powers (1.3 mW) even 
with the laser tuned out to 930 nm.  As can be seen from Figure 3.2, the linear 
absorption spectrum of the PAG used in SU8 has gone to baseline at wavelengths that 















Figure 3.2.  Linear absorption spectra of thin films of the photoresists used for MEMAP. 
 
On the basis of the linear absorption spectrum of the PAG, it is surprising that 
MAP should be so efficient in SU8 at wavelengths as long as 930 nm.  However, it 
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should be kept in mind that the concentration of the PAG in commercial SU8 
photoresists is on the order of 1 wt%.  While this is a typical concentration for 
photopolymerization, it is high enough that some degree of aggregation is possible.  
Furthermore, the PAG is actually a mixture of the structure shown in Figure 3.2 and 
one in which one end of the molecule terminates in a phenyl group rather than a 
triarylsulfonium group.  Highly polar species of this type may have a propensity to 
form aggregates of antiparallel molecules.  In these so-called H-aggregates, the linear 
absorption spectrum shifts to the blue.
24
  However, for symmetry reasons the two-
photon absorption spectrum of the aggregate can shift to the red. 
To test whether aggregation is responsible for our ability to perform MAP in 
SU8 at long wavelengths, we prepared our own SU8 with a lower concentration of 
PAG, as described above.  With only 0.01 wt% of the PAG, we are unable to perform 
MAP at wavelengths longer than 800 nm.  However, at high powers, we do observe 
laser-induced damage in the photoresist. 
We next consider the wavelength dependence of MAIL for these nanowires.  
Shown in Figure 3.3A is an SEM image of a typical gold nanowire along with 
normalized MAIL excitation images (i.e., each image was scaled by its maximum 
intensity) obtained at different laser wavelengths at a constant excitation power of 
0.83 mW in Figure 3.3B.  At shorter wavelengths, MAIL can be excited anywhere 
along the length of the wire.  However, as the wavelength increases, MAIL excitation 
is efficient only at the ends of the nanowire.  Furthermore, as shown in the 
unnormalized MAIL excitation images (i.e., no scaling was performed) in Figure 
3.3C, the MAIL excitation efficiency is strongest at the shortest and longest 
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wavelengths, and decreases in between.  This phenomenon may reflect stronger 
coupling into transverse plasmons at shorter wavelengths and into longitudinal 
plasmons at longer wavelengths.  We have observed similar behavior for all isolated 
nanowires that we have studied. 
 
 
Figure 3.3.  (A) SEM of a gold nanowire used for MAIL imaging.  The thin coating at the 
ends of the wire arises from a photochemical reaction of the immersion oil used.  (B) 
Normalized MAIL excitation images of this nanowire obtained at different laser wavelengths.  
(C) Unnormalized MAIL excitation images corresponding to the normalized MAIL excitation 
images in (B). The excitation power at each wavelength was 0.83 mW at the sample. 
 
We next consider the correlation between MAIL and MEMAP.  Shown in 
Figure 3.4 are MAIL excitation images of two nanowires in an acrylic photoresist 
with Irgacure 184 as the photoinitiator.  The first nanowire (Figure 3.4A) was excited 
at 730 nm, and shows efficient excitation along its entire length.  The second 
nanowire (Figure 3.4C) was excited at 740 nm, and the areas of efficient excitation 
are biased towards the ends of the nanowire.  The accompanying SEM images of the 
nanowires after MEMAP show that the areas of polymerization are strongly 
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correlated with the areas of efficient MAIL excitation.  Similar behavior was 
observed for all nanowires studied, indicating that there is a strong correlation 
between MAIL and MEMAP. 
 
 
Figure 3.4.  (A) MAIL excitation image of a nanowire excited with 730 nm light in an acrylic 
resin containing 1 wt% Irgacure 184.  (B) SEM image of the nanowire from (A) after 
development.  (C) MAIL excitation image of a nanowire excited with 740 nm light in an 
acrylic resin containing 1 wt% Irgacure 184.  (D)  SEM image of the nanowire from (C) after 
development. 
 
To investigate the mechanism of MEMAP, we performed experiments with an 
excitation wavelength of 890 nm.  Even at the highest powers available, MAP was 
not possible at this wavelength with any of the photoresists used here.  It is therefore 
unlikely that MAP can be driven by two-photon absorption for any of these 
photoresists at 890 nm.  However, MAIL in gold nanostructures can readily be driven 
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by absorption of three or more 890-nm photons,
7,25
 leading to MAIL emission that 
extends into the UV region of the spectrum.  Thus, if MEMAP occurs in these 
photoresists with 890-nm excitation, it is a strong indication that this process occurs 
not through enhanced two-photon excitation of the photoinitiator, but rather through 
single-photon excitation of the photoinitiator by MAIL emission. 
Shown in Figure 3.5A is an SEM image of a gold nanowire that was scanned 
with 890-nm pulses at an average power of 4.1 mW while in an acrylic photoresist 
with Irgacure 369 as the photoinitiator.  The MAIL excitation image obtained during 
exposure is shown in Figure 3.5B, along with a superimposed SEM image of the 
nanowire.  The polymer coating is seen predominantly at the ends of the nanowire, 
and is strongly spatially correlated with the MAIL excitation image. 
 
Figure 3.5.  (A) SEM image of a nanowire that has undergone MEMAP in an acrylic resin 
with 1 wt% Irgacure 369 at an excitation wavelength of 890 nm.  (B) MAIL excitation image 
of the nanowire from (A) obtained during the MEMAP exposure.  An SEM image of the 
nanowire has been overlaid on the MAIL image. 
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In Figure 3.6A we show an SEM image of a gold nanowire that was exposed 
to 890-nm pulses at an average power of 2.5 mW while in an acrylic photoresist with 
Irgacure 184 as the photoinitiator.  Again, a polymer coating is observed at the ends 
of the nanowire.  This coating is less prominent than for Irgacure 369, presumably 
because the MAIL emission of the nanowire has less overlap with the linear 
absorption spectrum of Irgacure 184 (see Figure 3.2).  As can be seen in Figure 3.6B, 
again there is a strong correlation between the location of the polymer coating and the 
bright regions in the MAIL excitation image. 
 
 
Figure 3.6.  (A) SEM image of a nanowire that has undergone MEMAP in an acrylic resin 
with 1 wt% Irgacure 184 at an excitation wavelength of 890 nm.  (B) MAIL excitation image 
of the nanowire from (A) obtained during the MEMAP exposure.  An SEM image of the 
nanowire has been overlaid on the MAIL image. 
 
A gold nanowire that was exposed to 890 nm pulses at an average power of 
3.3 mW while in SU8 with 0.01 wt% PAG is shown in Figure 3.7A.  Once again the 
polymerization is highly localized to the ends of the wire.  In SU8 the polymerized 
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regions extend farther away from the wire than was the case for acrylic photoresists, 
which may result from diffusion of the acid generated during exposure in 
combination with local heating due to excitation of the nanowire. As can be seen 
from the MAIL excitation image in Figure 3.7B, there is once again a strong 
correlation between the spatial locations of MAIL and MEMAP. 
 
 
Figure 3.7.  (A) SEM image of a nanowire that has undergone MEMAP in SU8 with 0.01 
wt% PAG at an excitation wavelength of 890 nm.  (B) MAIL excitation image of the 
nanowire from (A) obtained during the MEMAP exposure.  An SEM image of the nanowire 
has been overlaid on the MAIL image. 
 
 
3.5  Discussion 
The relationship between MAIL and MEMAP using clusters of gold 
nanoparticles demonstrated that linear absorption of MAIL emission was the 
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predominant mechanism of MEMAP
7
.  However, not all aggregates exhibited 
efficient MAIL and MEMAP from the study using gold clusters.
7
  The gold 
nanowires we studied are much more uniform than the gold nanoparticle aggregates.  
These MEMAP results of nanowires in different photoresists demonstrate that 
MEMAP is driven by the linear absorption of MAIL emission.   
MAP cannot be driven by two-photon excitation at 890 nm in any of the 
photoresists studied here.  In fact, for SU8 the threshold for laser-induced damage at 
this wavelength is lower than the threshold for MAP.  However, in all cases MEMAP 
occurs efficiently at this wavelength and has a strong spatial correlation with MAIL 
excitation.  This result indicates that at long wavelengths, the dominant mechanism 
for MEMAP is linear absorption of MAIL emission.  As there is no significant 
qualitative change in MEMAP behavior in moving to the shorter excitation 
wavelengths studied here, it appears likely that the dominant mechanism for MEMAP 
remains the same over the entire range of wavelengths. 
The fact that MEMAP appears to be driven predominantly by MAIL emission 
for every photoinitiator that we have studied suggests that this is a highly general 
mechanism.  Indeed, Diebold, Peng and Mazur have also suggested that this 
mechanism holds in their experiments on a positive-tone photoresist on rough silver 
surfaces.
10
  It will be interesting to investigate whether MAIL plays a role in other 
processes that depend upon field enhancement at noble-metal nanostructures.  For 
instance, processes that involve emission, such as SERS, have maximum efficiencies 
that have not yet been able to be described adequately by theory.  On the other hand, 
for processes that depend only on absorption, such as SEIRA, the observed 
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enhancement matches well with theoretical predictions. 
 
 
3.6  Conclusions 
We have demonstrated that there is a strong spatial correlation between MAIL 
and MEMAP for gold nanowires excited at wavelengths ranging from 730 nm to 890 
nm.  Experiments performed at long wavelengths indicate that for all of the 
photoresists studied here, MEMAP is driven predominantly by linear absorption of 
MAIL emission.  Our data also suggest that the same mechanism dominates at shorter 
wavelengths.  Experiments on other types of noble-metal nanostructures can explore 
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4.1  Introduction 
Gold nanostructures display surface plasmon (SP) associated field 
enhancement of optical signals. This phenomenon is typically observed at localized 




  The different shapes of the 
tips or edges lead to the different intensity patterns of plasmonic optical signals.  







 from plasmonic nanostructures, the resulting spectra can be enhanced 
and shifted to different regions of the spectrum depending upon the local geometry of 
the nanostructures.  Among the variety of gold nanostructures available, gold 
nanoplates,
6,7
 planar nanostructures that are several micrometers in length and up to 
hundreds nanometers in thickness, have been used to study the electric field-




 signals and to examine 
chemical reactions on planar surfaces
16
  because they can be used as substrates for the 
fabrication of single crystalline nanostructures
11






 has shown that when white light excites nanoplate dimers, a 
three orders of magnitude enhancement of the scattering intensity can be observed as 
the gap between the dimers is decreased down to 10 nm.  As the nanoplates are 
placed closer, the scattering spectrum is also red-shifted because the repulsive force 
70 
 
of the surface charge in the individual nanoplates induced by the irradiation of light 
becomes weak when another nanoplate is nearby.
3,17
  In addition, a gold nanoplate 
was used as a field-enhancing substrate to measure fluorescence from a dye attached 
on a gold nanoparticle that was placed on the top of the nanoplate.
10
  The nanoplate 
provided additional localized SP resonances between the two gold nanostructures, 
which resulted in a 43-fold increase in the fluorescence.
10
  Scattering and 
fluorescence using gold nanoplates have been studied primarily with visible light 
excitation.  There are only a few studies
6,18
 regarding the direct observation of 
luminescence from metal nanoplates due to the requirement of an ultraviolet 
excitation source.    
  Here we present a photoluminescence study from individual gold nanoplates 
driven by nonlinear absorption of near-infrared (NIR) light, a technique used 
previously  with gold nanoparticles
19
 and gold nanowires
20
, as discussed in previous 
Chapters.  The luminescence we observed was localized at the edges of each 
nanoplate, in contrast with a previous report
18
 in which the luminescence was 
observed on the flat surface of the nanoplates.  The luminescent regions of the 
nanoplate were changed depending on the polarization axis of linearly polarized NIR 
light.  Polymer features created by multiphoton-absorption-induced luminescence 







4.2  Experimental section 
In order to measure nonlinear luminescence from single nanoplates, the 
sample was prepared by placing 2 µL of a gold nanoplate aqueous suspension on a 
polymer-patterned glass coverslip and drying the solution at 25 °C for 5 min.  The 
procedures of the fabrication of polymer patterns by multiphoton absorption 
polymerization (MAP), the treatment of the glass coverslip with an acrylate solution, 
and optical measurement of MAIL were the same as those described in the 
experimental section in Chapter 2.   
For MAIL observation, non-fluorescent immersion oil was placed on top of 
the nanoplates to satisfy the refractive index-matching condition.  The matched 
refractive indices significantly reduced scattering from the sample surfaces.  After 
MAIL signals were measured, the immersion oil was removed by rinsing the sample 
in hexane for 3 min and in ethanol for 5 min.  To observe wavelength-dependent 
MAIL signals, excitation wavelengths ranging from 714 to 880 nm were employed.  
In  the metal-enhanced MAP (MEMAP) process, 5 µL of an acrylate 
prepolymer resin composed of 55 wt% dipentaerythritol pentaacrylate (SR 399, 
Sartomer), 44 wt% tris (2-hydroxy ethyl) isocyanurate triacrylate (SR 368, Sartomer), 
and 1 wt% of 1-hydroxy cyclohexylphenylketone (Irgacure 184, Ciba) was added on 
the top of the dried nanoplates.  After the MEMAP experiment, unpolymerized resin 
was removed by rinsing the sample in dimethylformamide for 3 min twice and in 
ethanol for 3 min two times.  When the sample was completely dried at room 




4.3  Results and discussion 
4.3.1  MAIL of single nanoplates  
Figure 4.1a shows a typical MAIL image of a hexagonal nanoplate, which was 
obtained by scanning the entire nanoplate with 800 nm light.  Due to the localized 
SPs and the “lightning rod” nanoantenna effect,
2,21,22
 nonlinear absorption of NIR 
photons becomes more efficient at the edges.  As a result, the MAIL intensities are 
much brighter at the circumference of the nanoplate than in the flat middle area.  
While MAIL is localized at the circumference, scattering measured by the irradiation 
with 800 nm continuous wave (CW) is observed in the middle part of the nanoplate as 
shown in Figure 4.1b.  The proper depth of focus was determined by the MAIL 
signals while adjusting the focal point in the z-axis.  MAIL images were then 
collected and averaged over three scans.  At the same position on the z-axis, the light 
was changed from mode-locked pulses to CW, and scattering was measured from the 
same nanoplate.  
 
 
Figure 4.1.  (a) MAIL excitation image of a nanoplate excited with 800 nm light. (b) 
Scattering image of the same nanoplate irradiated with CW 800 nm light. 
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Nanoplates are likely to overlap with each other due to van der Waals 
interaction.
23
  Figure 4.2a shows a MAIL image measured from overlaid triangular 
and hexagonal nanoplates.  The triangular nanoplate, which was placed inside the 
circumference of the hexagonal nanoplate, showed stronger MAIL intensities at the 
corners than at the circumference of the hexagonal nanoplate.  When the color bar 
shows the low range of the MAIL intensity, the weak MAIL intensity from the 
hexagonal nanoplate is seen clearly in Figure 4.2b.  Figure 4.2c shows scattering from 
the overlapping nanoplates with CW irradiation. The scattering is brighter in the 
region where two nanoplates are overlaid than in the exposed region of the hexagonal 
nanoplate.     
 
 
Figure 4.2.  (a) MAIL excitation image of overlaid two nanoplates excited with 800 nm light.  
(b) MAIL excitation image of (a) with a color bar showing the low range of the MAIL 
intensity.  (c) Scattering image of the same nanoplates excited with CW 800 nm light.     
 
We observed the polarization dependence of MAIL signals from a single 
nanoplate using λ/2 wave plate to rotate the excitation polarization.  When the 
polarization of the 800 nm light was parallel to the long axis of the nanoplate, the 
MAIL intensities were the strongest, especially at the edges that were also parallel to 
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the long axis of the nanoplate.  Figure 4.3 shows MAIL images with corresponding 
polarization directions indicated by red arrows.  As the polarization was changed, the 




Figure 4.3.  MAIL excitation images of a hexagonal nanoplate with different polarizations of 
light.  The red arrows indicate the corresponding polarizations for each nanoplate.  The 800 
nm excitation power at the nanoplate was 2 mW.  
 
Because the MAIL signals are localized at the edges of the nanoplates, we can 
predict the MAIL patterns when different shapes of the nanoplates are employed.  For 
instance, when focused ion beam milling is performed on a nanoplate,
24
 a variety of 
shapes of single crystalline gold nanoplates can be fabricated.  The resulting MAIL 
patterns can be predicted and controlled by applying different polarizations. 
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4.3.2. MEMAP of single nanoplates 
We next used MEMAP to observe MAIL-induced polymerization reactions on 
single nanoplates.  In the presence of an acrylate prepolymer resin on the top of the 
nanoplates, raster scanning of NIR light induced selective polymerization.  Figure 
4.4a shows the MAIL signals localized at three corners of a triangular nanoplate when 
scanning with 1.7 mW of 800 nm excitation.  Figure 4.4b shows a corresponding 
SEM image taken from the same nanoplate.  As seen in the close-up SEM images in 
Figure 4.4c, 4.4d, and 4.4e, thin polymer features were created at the three corners of 
the nanoplate where MAIL signals were observed.  
 
 
Figure 4.4. (a) MAIL excitation image of a triangular nanoplate excited with 800 nm light. (b) 
SEM image of the nanoplate from (a).  (c) Close-up SEM image of the top tip of the 
nanoplate.  (d) Close-up SEM image of the left hand tip of the nanoplate.  (e) Close-up SEM 
image of the right hand tip of the nanoplate.   
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 Scanning of NIR pulses on one portion of a hexagonal nanoplate induced 
localized MAIL signals at the edges of the nanoplate, as shown in Figure 4.5a.  Figure 
4.5b shows a corresponding SEM image from the same nanoplate, and close-up SEM 
images are shown in Figure 4.5c and 4.5d.  Again polymer features were created from 
the areas where MAIL signals were observed.  None of the SEM images we measured 
from many single nanoplate experiments showed any detectable polymer in the 
middle part of the nanoplates.  This observation indicates that photopolymerization is 
not driven by scattered light.       
 
 
Figure 4.5.  (a) MAIL excitation image of one portion of a hexagonal nanoplate excited with 
800 nm light. (b) SEM image of the nanoplate from (a).  (c) Close-up SEM image of the left 




The correlation of MAIL to MEMAP on single nanoplates was also examined 
at different wavelengths.  Figure 4.6a shows localized MAIL signals measured by 
locally exciting at the top portion of a truncated triangular nanoplate with 714 nm 
light.  The nonlinear luminescence measured from gold nanoplates spans the near-
ultraviolet region to NIR region of the spectrum
14
, which can in turn excite a 
photoinitiator to induce polymerization.  Although the MAIL signals were clearly 
observed with a 0.83 mW excitation power, the polymerization was not induced at the 
nanoplate, as shown in Figure 4.6b.  A close-up SEM image in Figure 4.6c also did 
not show any polymer features.  A further investigation in different conditions such as 
applying higher excitation power and employing longer laser exposure time than 
those used in this initial experiment is necessary because polymerization of gold 
nanowires was observed with 724 nm excitation.
13
   
 
 
Figure 4.6.  (a) MAIL excitation image of the top portion of a triangular nanoplate excited 
with 714 nm light. (b) SEM image of the nanoplate from (a).  (c) Close-up SEM image of the 
top tip of the nanoplate.   
 
Excitation with 2.5 mW of 880 nm light on a truncated triangular nanoplate 
did induce polymerization.  As shown in Figure 4.7a, the MAIL signals are observed 
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again at the edges of the nanoplate.  Figure 4.7b shows a corresponding SEM image 
of the same nanoplate used in MAIL imaging.  The thin polymer features were 
created by the MAIL excitation as shown in a close-up SEM image of the bottom 
edge of the nanoplate in Figure 4.7c.  The efficiency of MAIL-induced 
polymerization of each nanoplate can be different because plasmonic optical 
properties of each nanoplate are different depending upon the nanoplate length, 





Figure 4.7.  (a) MAIL excitation image of a truncated triangular nanoplate excited with 880 
nm light. (b) SEM image of the nanoplate from (a).  (c) Close-up SEM image of the bottom 
edge of the nanoplate.    
 
The MAIL-induced polymerization at localized regions of the nanoplates can 
be useful in designing nanostructure assemblies.  For example, QDs could be placed 
on the edges of a nanoplate with MEMAP.  Different polarization of incident light 
could change the orientation of QDs arrays attached on the nanoplate.  When the QDs 
absorb MAIL from the nanoplates, they can generate bright visible emission, due to 
the high fluorescence quantum yield.  The conversion of NIR light to visible emission 




We observed nonlinear luminescence directly from single gold nanoplates 
using NIR light.  The MAIL signals are localized at the tips and edges of the 
nanoplates where electric fields are crowded and enhanced by SPs.  The MAIL 
intensities were changed in different regions of the nanoplates by changing the 
polarization direction of NIR light.  In the presence of a prepolymer resin, MAIL 
induced polymerization at the tips and edges of single nanoplates.  The thin polymer 
features created were localized at the regions where MAIL signals were observed, 
which showed a strong correlation between MAIL and MEMAP on single nanoplates.  
The MAIL-driven polymerization could be applied to fabricate nanostructure 
assemblies with NIR excitation.  If gold nanoplates are attached in a microfluidic 
channel and a solution of nanoparticles such as gold, gold-silica core-shell, and silver 
nanoparticles is added into the channel, NIR excitation could create nanoparticle-
nanoplate assemblies, which could be used as surface-enhanced Raman scattering-
active substrates.  If QDs are immobilized on a nanoplate, NIR excitation on the 
nanoplate generates broadband of MAIL, which could excite the QDs and generate 
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5.1  Introduction   
 Noble-metal nanowires can guide and propagate light efficiently even though 
the nanowire diameter is typically considerably smaller than the free-space 
wavelength of the light.
1-5
  This tight optical confinement has generated considerable 
interest for applications
6-11
 in areas such as light harvesting, nanoscale imaging, and 
spectroscopy.  Many of these applications require the ability to integrate noble-metal 
nanowires with other nanostructures, such as quantum dots (QDs) or dielectric 
nanoparticles, to create active devices.
9
  On-demand fabrication of integrated 
nanosystems composed of nanowires, dielectric elements and active nanoemitters 
remains a challenging problem.  The most common strategies for creating such 





 but these methods suffer from low device yield.  Furthermore, the 
yield typically drops off exponentially with the number of components, and becomes 
prohibitively small when attempting to integrate even a small number of elements.  
Reliable assembly of large numbers of elements requires a top-down approach in 
which preselected nanostructures are placed controllably at predetermined locations 
on a metal nanowire.  A top-down approach to nanoassembly could open up the 
possibility for development of complex, multi-element nanosystems with a broad 
range of new device applications. 
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 In addition to the overcoming inherent difficulty of high-yield assembly of 
nanowire-based devices, it is also essential to be able to couple light into and out of 
such devices.  In metallic nanowires, momentum-matching constraints only allow for 
efficient far-field coupling of light that propagates nearly parallel to the wire axis, a 
condition that is often difficult to achieve in practice (and particularly so over a broad 
wavelength range).  One way to circumvent this problem is to use a near-field 
scanning probe, but this approach works best for coupling to one device at a time.  
Contacting metal nanowires with other nanostructures that act in essence as far-field 
to near-field converters has also been pursued,
15
 but this approach generally relies on 
random assembly of the nanowires and nanostructures, again leading to a low device 
yield. 
 Here we demonstrate that, via nonlinear light/matter interactions, metal 
nanowires can act effectively as their own far-field to near-field optical converters.  
Specifically, irradiating an end of a silver nanowire (AgNW) with ultrafast pulses of 
near-infrared (NIR) light leads to the efficient generation of broadband visible 
radiation through multiphoton-absorption-induced luminescence (MAIL).
16
  Because 
this luminescence is generated within the AgNW, a large portion of the light is 
inherently momentum matched and can propagate down the wire.  Waveguiding of 
this broadband luminescence further allows localized, nanoscale photochemistry to be 
driven at the far end of the nanowire or at any location along the nanowire that is in 
contact with another nanoscale object.  By using this method in concert with the 
fluid-based nanomanipulation of individual nanoparticles,
17
 we demonstrate the on-
demand, high-precision fabrication of nanophotonic devices based on AgNWs. 
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5.2  Experimental methods 
 AgNWs were synthesized using a reported procedure.
18
  In a typical method, 5 
mL of ethylene glycol (Fisher Scientific) was heated to 160 °C in a round-bottom 
flask equipped with a condenser, a thermometer, and a magnetic stirring bar.  The 
ethylene glycol was used as a reducing agent and a solvent.  To prepare Pt seeds, 0.5 
mL of PtCl2 (Aldrich, 98 %, 1.5 × 10
−4
 M in ethylene glycol) was added into the hot 
ethylene glycol solution in the flask.  After 4 min of thorough stirring of the solution, 
2.5 mL of AgNO3 (Sigma-Aldrich, 99+ %, 0.12 M in ethylene glycol) and 5 mL of 
poly (vinyl pyrrolidone) (PVP, City Chemical, MW 40000, 0.36 M in ethylene 
glycol) were simultaneously added for 6 min.  At the beginning of blending, the 
transparent solution turned to dark yellow as Ag atoms were reduced on the Pt seeds 
and changed to turbid grey as Ag nanowires were formed within 15 min.  The 
solution was held at 160 °C for 60 min to allow AgNO3 to be reduced completely and 
was stirred thoroughly during the reaction.  The nanowire solution was cooled to 
room temperature.  To separate Ag nanowires from Ag nanoparticles, the solution 
was diluted with ethanol of 5 times volume of the solution and centrifuged for 20 min 
at 2000 rpm at 20 °C.  After the centrifugation, the supernatant was removed and 
ethanol was added into the solution.  After repeating the centrifugation until the 
supernatant become clear, the final solution was kept in ethanol or deionized water at 
4 °C.  
 The substrates used were microscope glass coverslips functionalized with 
acrylate groups to promote polymer adhesion.
19
  In the polymerization process, a 
water-based acrylic photoresist composed of 50 wt% ethoxylated-15 
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trimethylolpropane triacrylate (SR 9035, Sartomer), 49 wt% distilled water, and 1 
wt% sodium 4-[2-(4-morpholino)benzoyl-2-dimethylamino]butylbenzenesulfonate 
(MBS)
20
 was used.  For the AgNW junction experiments, an acrylic photoresist 
composed of 54 wt% dipentaerythritol pentaacrylate esters (SR 399, Sartomer), 43 
wt% tris (2-hydroxyethyl) isocyanurate triacrylate (SR 368, Sartomer), and 1 wt% 1-
hydroxy cyclohexylphenylketone (Irgacure 184, Ciba) as a photoinitiator was used.
21
   
 The laser and microscope system used for MAIL excitation and imaging are 
described in previous Chapters.  Light at wavelengths longer than 690 nm was filtered 
out before the single-photon-counting avalanche photodiode detector and the 
spectrometer (Acton SP2300i, Princeton Instruments) coupled with an optical fiber 
(BFB-455-7, Princeton Instruments) to prevent detection of scattered excitation 
pulses.  
 An electroosmotic flow control (EOFC) system described previously
17,22
 was 
used to position nanoparticles in solution. The associated water-based photoresist was 
composed of 40 vol% SR 9035, 1.35 wt% Acrysol RM-825 rheology modifier (Rohm 
and Haas), 1 wt% MBS, 0.3 wt% erucyl dimethyl amidopropyl betaine as a 
surfactant, and 200 pM QTracker PEG CdSe/ZnS 655nm QDs (Invitrogen) in 
deionized water.  The dye-infused nanobeads (DINs) were 1.4 × 10
-11
 % (w/v) 







5.3  Results and discussion 
 The majority of work on the plasmonic properties of metal nanowires has 
focused on their linear optical behavior.  However, the nonlinear optical (NLO) 
properties of nanowires are beginning to attract interest.
21,23,24
  Chapter 3 
demonstrated the connection between two NLO effects, MAIL and metal-enhanced 
multiphoton absorption polymerization (MEMAP) in gold nanowires.
21
  In MAIL,
16
 
field enhancement by a nanowire leads to the efficient multiphoton absorption of 
ultrafast pulses of NIR light, producing broadband visible luminescence.  The 
“lightning-rod” effect
25,26
 makes excitation especially efficient at the ends of 
nanowires.  In MEMAP,
27
 a noble-metal nanostructure enhances the efficiency of 
multiphoton exposure of a negative-tone photoresist.  Polymeric features can be 
created at the ends of a noble-metal nanowire at a laser fluence (integrated exposure) 
considerably lower than that needed in the bulk photoresist.
21
  We have demonstrated 
in previous chapters that MEMAP occurs through a two-stage process in which light 
is first converted efficiently from NIR to visible wavelengths by MAIL, and the 
visible light then exposes photoresist in close proximity to the luminescent region of 
the nanostructure via linear excitation.
21
 
 As shown in Figure 5.1, AgNWs exhibit MAIL when excited with NIR, 
ultrafast pulses.  The spot size of the linearly polarized excitation beam used here was 
about 350 nm, which is much smaller than the length of the nanowire.  In the 
luminescence excitation map in Figure 5.1a, the luminescence emanating from one 
end of an AgNW was collected by a single-photon-counting avalanche photodiode, 




Figure 5.1.  AgNW luminescence excitation map and luminescence spectra for pulsed 800-
nm excitation.  (a) Map of the luminescence intensity from the circled region of the AgNW as 
a function of the position irradiated with an 800-nm excitation beam focused to a diameter of 
about 350 nm.  The gray bar indicates the approximate location of the AgNW.  Red 
represents the highest luminescence intensity.  (b) Representative luminescence spectra from 
the excited and distal ends of an AgNW. The long-wavelength portion of each spectrum is 
attenuated by a filter that was used to block scattered excitation light. 
 
intensity from this region was then measured as a function of the position of the 
excitation spot.  The most efficient luminescence is observed when the polarization is 
parallel to the axis of the nanowire.  While the observed luminescence is brightest 
from the end that is excited, a substantial luminescence signal is also observed at this 
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same position when the opposite end of the wire is illuminated.  Luminescence 
spectra collected from this region of the AgNW span most of the visible region of the 
electromagnetic spectrum, regardless of which end of the wire is excited (Figure 
5.1b).  The shapes of the luminescence spectra at the excited and distal ends do not 
depend on excitation intensity for all excitation intensities for which luminescence 
can be observed. 
 There are two possible mechanisms for broadband luminescence from the 
distal end of an irradiated nanowire.  One possibility is that the luminescence from 
the excited end propagates to the distal end, where it is emitted.  The other possibility 
is that the excitation pulse itself propagates along the nanowire and generates MAIL 
at the distal end.  A number of lines of evidence support the first mechanism.  First, 
because MAIL is generated within the wire, a significant portion of the luminescence 
is inherently momentum matched and should propagate efficiently to the distal end.  
Second, attenuation of the excitation pulse due to propagation down a nanowire 
should decrease the efficiency of the nonlinear excitation process to a significant 
extent.  Third, the luminescence spectrum from the distal end differs from that at the 
excited end, as seen in Figure 5.1b.  Guided luminescence would be expected to 
exhibit frequency-dependent attenuation in the nanowire, whereas luminescence 
generated at the distal end by a guided excitation pulse should have the same 
spectrum as the luminescence at the excited end. 
 As an additional test that distal emission arises from guided luminescence, we 
generated MAIL excitation maps using beams with spatially non-uniform polarization 
states, azimuthally polarized and radially polarized beams.  The azimuthally polarized 
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beam has a transverse field intensity distribution while the radially polarized beam 
has a longitudinal field intensity distribution.
30-33
  The excitation map for radially 
polarized light is shown in Figure 5.2a and the excitation map for azimuthally 
polarized light is shown in Figure 5.2b.  In both cases emission is observed from the 
distal end of the wire only when the portion of the beam that is polarized parallel to 
the AgNW overlaps with the excited end of the wire.  For both of these polarizations, 
two excitation lobes appear at each end of the AgNW, corresponding to the positions 
in the excitation beam in which the light is polarized parallel to the nanowire.   
 
          
Figure 5.2.  AgNW luminescence excitation maps using pulsed 800-nm excitation with 
different spatially-nonuniform polarizations.  (a) Luminescence from the same AgNW shown 
in Figure 5.1 but using radially polarized excitation.  The spatial dependence of the 
polarization in a transverse plane in the focal region is shown schematically with the red 
arrows.  (b) Same as (a), but with azimuthally polarized excitation. 
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 In order for the excitation pulse to propagate along the nanowire it must be 
momentum-matched, which means that the propagation vector must have a 
significant, positive projection along the vector leading from the excited end of the 
wire to the distal end.  In the case of radially polarized light only one of these lobes 
(the one that overlaps with the wire in Figure 5.2a) can satisfy momentum matching 
for the fundamental field.  In the case of azimuthally polarized light, the lobes are on 
either side of the wire, and so neither lobe can satisfy momentum matching for the 
fundamental field.  These images provide strong evidence that the observed distal 
emission arises from guided, nonlinearly generated luminescence as opposed to 
luminescence generated at the distal end by guided excitation pulses.  We therefore 
use the term guided multiphoton-absorption-induced luminescence (GMAIL) to 
describe the process through which excitation of one end of an AgNW leads to 
luminescence at the opposite end. 
 GMAIL offers the opportunity to deliver broadband, visible radiation to 
perform photochemistry in a nanoscale spatial region that is distant from the site of 
excitation.  Because MAIL can be excited efficiently and selectively at the end of an 
AgNW, photochemistry can be localized at the ends of an AgNW without being 
driven in the surrounding bulk medium.  To illustrate the use of GMAIL to perform 
localized photochemistry at a distance, we show in Figure 5.3a an SEM image of an 
AgNW that was immersed in a liquid, negative-tone photoresist.  One end of the 






Figure 5.3.  Remote, localized photochemistry driven by GMAIL. (a) SEM of an AgNW on a 
glass substrate.  The AgNW was immersed in a negative-tone photoresist and was excited 
with 800-nm pulses at the location indicated in the image.  (b) SEM of the end of the AgNW 
that was excited.  (c) SEM of the distal end of the AgNW.   
 
 Exposed photoresist is observed at both ends of the AgNW (Figures. 5.3b and 
5.3c).  The polymerized region at the distal end is significantly smaller than the 
region at the excited end, and has a diameter that is smaller than that of the AgNW.  
Due to the need to satisfy momentum matching, guided luminescence will be emitted 
from the distal end with a strong forward directional preference, whereas 
luminescence generated at the distal end by waveguided fundamental radiation will 
be emitted in all directions (as is the MAIL generated at the end of the AgNW that is 
excited).  Thus, the small diameter of the polymerized region at the distal end of the 
AgNW further supports guided luminescence as the source of distal emission. 
 Another possible source of apparent emission (and potentially 
photopolymerization) at the distal end of an AgNW is scattered MAIL from the 
excited end of the wire.  To test whether scattering is responsible for the distal 
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emission observed, we studied groups of AgNWs for which scattering is incident on 
nanowires near one that is excited.  An example of one such study is shown in Figure 
5.4.  We chose two nearly parallel AgNWs, and excited the end of one that was near 
the end of another (Figures 5.4a-5.4c).  Luminescence was observed at the proximal 
 
 
Figure 5.4.  Comparison of scattering and guided emission.  (a) Optical image of AgNWs in a 
photoresist.  (b) The same nanowires when the top of the left hand AgNW is excited with 
ultrafast, 800-nm pulses.  (c) Subtraction of image (a) from image (b).  (d) SEM of the 
nanowires after development of the photoresist.  (e) Close-up of the excited nanowire and the 
end of its neighbor.  (f) Close-up of the distal end of the excited nanowire. 
 
end of the excited AgNW, and scattering was observed from the end of the nearby 
AgNW.  The distal end of the AgNW that was excited also exhibited emission.  To 
test whether the distal emission arose from guided emission or from scattering of 
light, these experiments were performed in a photoresist, and the AgNWs were 
imaged using scanning electron microscopy after the resist was developed.  As seen 
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in Figures 5.4d−5.4f, polymer is observed at both the excited end and the distal end of 
the first nanowire.  However, the end of the neighboring nanowire shows no 
polymerization.  Thus, scattering is not sufficiently intense to cause polymerization, 
and we can conclude that the polymer at the distal end of the excited nanowire is the 
result of GMAIL.  We can therefore rule out scattering as the source of distal 
photopolymerization. 
 When another nanostructure comes into contact with an AgNW, the 
waveguide becomes leaky at the junction,
1,28
 providing an opportunity to drive 
localized photochemistry.   Figure 5.5a is an SEM of two AgNWs in a T geometry.  
The nanowires were immersed in an acrylic photoresist, and one end of the “crossbar” 
AgNW was excited.  Photoresist exposure in the junction region is visible in Figure 
5.5b.  Thus, contact with another nanostructure can cause sufficient leakage of 
GMAIL to drive localized photochemistry. 
 
 
Figure 5.5.  “Spot-welding” of AgNWs using GMAIL.  (a) SEM of two AgNWs in a T 
configuration on a glass substrate.  The AgNWs were immersed in a negative-tone 
photoresist, and the region indicated was irradiated with pulses of 800-nm light.  (b) Close-up 
of the contact region of the two AgNWs.  A thin layer of exposed photoresist is visible at the 
intersection of the wires.   
96 
 
 Light emitted from a radiative object that is in the near field of an AgNW can 
couple into the nanowire’s SPP modes.
12,13
  This phenomenon is attractive for use in 
nanophotonic devices.  However, nanophotonic devices that employ AgNWs are 
generally created via uncontrolled deposition of one or more nanoparticle emitters, 
leading to a low device yield.
29
  GMAIL provides a means for high-precision 
fabrication of such devices with preselected nanowires.  This process begins with the 
immersion of a substrate with AgNWs in a liquid photoresist containing 
nanostructures such as dye- DINs or QDs.  Nanostructures are immobilized on a 
selected nanowire by irradiating one of its ends.  Immobilization of a nanostructure 
occurs only when sufficient optical coupling exists between the nanostructure and the 
AgNW to drive “spot welding.”  This optical coupling is also the condition desired 
for the fabrication of nanophotonic devices. 
 To demonstrate this principle, a microfluidic system was used to flow a 
suspension of DINs over AgNWs in a water-based photoresist while selected 
nanowires were irradiated at one end.  As shown in Figure 5.6a, DINs were 
immobilized on irradiated nanowires.  Control nanowires that were not irradiated had 
few or no attached DINs (Figure 5.6b). 
 To fabricate nanophotonic devices with predetermined geometry using 
GMAIL, EOFC was used to manipulate CdSe QDs in a microfluidic system 
fabricated using a polydimethyl siloxane mold placed on a glass coverslip.  An 
individual QD in a water-based photoresist was delivered to a selected position on an 
AgNW.  When the QD was in the desired position, the end of the AgNW was 
irradiated with ultrafast pulses, spot-welding the QD to the nanowire.  Immobilized 
97 
 
QDs exhibit strong optical coupling to the nanowires, as can be seen in Figure 5.7 
from the synchronized blinking of the QD and the ends of the nanowire. 
 
 
Figure 5.6 Immobilization of nanoparticles on AgNWs using GMAIL.  (a) SEM of an AgNW 
that was irradiated at one end with pulses of 800-nm light while a suspension of DINs was 
flowed over it.  A DIN immobilized on the AgNW is circled in the inset.  (b) SEM of an 
AgNW that was not irradiated while a suspension of DINs was flowed over it.  No DINs were 
immobilized on this nanowire.   
 
 
Figure 5.7 Series of luminescence images, at four different times (t1 to t4), of a QD that was 
immobilized to an AgNW using GMAIL.  The blue bar shows the approximate location of 
the AgNW.  The correlation between the intensities of the QD and the ends of the AgNW at 
any given time (which is most easily seen at the end of the AgNW closest to the QD) 
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indicates that there is strong optical coupling between the two structures. 
 
 Figure 5.8 shows frames from a video of a typical immobilization experiment.  
EOFC is used to bring a selected QD into proximity of an AgNW.  When the QD is in 
optical coupling range, emission from the QD can be observed at the ends of the 
AgNW.  One end of the AgNW is irradiated with ultrafast, 800-nm pulses with a 
power of about 0.75 mW at the nanowire, immobilizing the QD.  Even at high flow 
velocities, the QD remains tethered to the AgNW.  
 
 
Figure 5.8.  Immobilization of a QD on an AgNW.  (a) A number of QDs are visible in the 
EOFC microfluidic system.  The control algorithm was used to position the QD nearest the 
AgNW in this image.  Two other QDs are circled in blue for reference.  (b) The selected QD 
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is brought into optical contact with the AgNW using EOFC.  Note that the other two QDs 
have also moved during this process.  (c) The selected QD is “spot-welded” to the AgNW 
using GMAIL.  (d) To demonstrate immobilization, the flow in the microfluidic channel is 
increased.  While the immobilized QD remains stationary on the AgNW, the other QDs have 
moved many micrometers away from their previous positions. 
 
 We have also demonstrated the immobilization of two QDs on a single 
nanowire.  The method described in the above section can be used to position and 
immobilize multiple QDs on a single AgNW.  Each time a QD is brought to its 
desired position on an AgNW, the end of the AgNW is irradiated with ultrafast pulses 
at 800 nm to perform immobilization using GMAIL.  A representative AgNW that 




Figure 5.9.  Immobilization of two QDs on an AgNW. (a) The upper QD is in a luminescent 
state and can be seen to be optically coupled to the AgNW; the lower QD is in a dark state at 
this time.  (b) The lower QD is in a luminescent state and can be seen to be optically coupled 
to the AgNW; the upper QD is in a dark state at this time.  (c) Both QDs were in a 
luminescent state when this image was obtained. 
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 To demonstrate the correlation between the blinking of a QD immobilized on 
a nanowire and emission from the nanowire ends, we analyzed video of an AgNW 
with two immobilized QDs (the system shown in Figure 5.9).  The two QDs were 
near opposite ends of the AgNW.  As shown in Figure 5.10, the emission from each 
 
 
Figure 5.10.  Correlation of QD blinking and AgNW end emission. Shown here are plots of 
the relative emission intensity for each QD and each end of the AgNW shown in Figure 5.9. 
 
end of the nanowire is strongly correlated with (but less intense than) the emission of 
the QD closest to it.  There is also a correlation between the blinking of a QD and 
emission from the far end of the AgNW, but in this case the emission from the 
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AgNW is far weaker than the emission from the QD (as is expected based on guiding 
losses).  While we sometimes observed QD emission without observing emission 
from the more distant end of the AgNW, we never observed AgNW emission that 




 The efficient generation of MAIL at the end of an AgNW allows the nanowire 
to act as its own far-field to near-field converter.  Far-field illumination in the NIR 
generates broadband visible luminescence at the end of an AgNW.  The luminescence 
is in the near-field of the nanowire, and so can couple into the SPP mode effectively 
and thereby propagate for many micrometers to the opposite end of the nanowire.  
The guided luminescence is then emitted at the distal end, where it can drive localized 
photochemistry.  Leakage from the waveguide can also lead to localized 
photochemistry wherever another nanostructure contacts the AgNW.  We have 
demonstrated the use of this technique for the on-demand, precision fabrication of 
nanophotonic devices based on AgNWs. 
 Although our focus here has been on photopolymerization, GMAIL can be 
used to drive virtually any photochemical or photophysical process without direct 
laser irradiation of the region of interest.  This capability offers great potential for 
applications such as biological studies involving localized photouncaging or 
fluorescence excitation, materials imaging, and photolithography.  Additionally, 
because the nanowires act as their own far-field to near-field converters, it is possible 
102 
 
to use this method to couple light efficiently into a large number of nanowire-based 
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Chapter 6:  Nonlinear optical properties of carbon nanostructures 
 
 
6.1  Introduction 
Carbon nanotubes (CNTs) are composed of hexagonal honeycomb carbon 
lattices and are nearly one-dimensional, with diameters of 0.7 to 3 nm and lengths up 
to centimetres.
1
  Because of the unique geometry, their electronic and optical 
properties have led to advances in a variety of applications.  For example, strong 





  In addition, optoelectronic 
devices have been fabricated that exploit the fact that electronic excitation on CNTs 
can generate optical emission
4-6 




When a CNT is composed of a single rolled sheet of monolayer graphene,
9
 it 
is known as a single-walled carbon nanotube (SWCNT).  When the cylinder shape of 
a SWCNT is formed, the orientation of the carbon lattice with respect to the CNT axis 
influences the optical and electrical properties.
1
  Each carbon lattice point (n,m) is 
commonly indexed from a graphene sheet using unit vectors, a1 and a2, as shown in 
Figure 6.1.  For example, the roll-up vector is pointing at lattice index (1,3) in this 
figure.      
CNTs are semiconducting or metallic depending on the lattice point (n,m) in 
contact with the (0,0) point after rolling.
9
  When the carbon n and m lattice indices 
satisfy the condition of n – m = 3j, where j=0, 1, 2, 3…, CNTs adapt an armchair or 
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zigzag configuration and are metallic, as shown by the grey arrows in Figure 6.1.
9
  
When the n and m carbon lattices of the CNTs satisfy n – m ≠ 3j, where j=1, 2, 3…, 
the CNTs are semiconducting and are referred to as chiral nanotubes.
9
  The chiral 
angle (θ) (Figure 6.1) is the angle between the arm chair and the zigzag axis, and 
ranges between 0 and 30 °.  The chiral angle can also be used to assign the CNTs as 
semiconducting or metallic.
9
  For example, CNTs are metallic if the chiral angle 




Figure 6.1.  A graphene sheet with carbon lattices indexed with unit vectors, a1 and a2.  When 
the sheet is rolled up from (0,0) to (n,m), the CNT lattice forms shapes such as zigzag, 
armchair, and chiral.  The zigzag and armchair types of CNTs are metallic, otherwise CNTs 




The optical properties of CNTs are typically studied using semiconducting 
CNTs because metallic CNTs are not luminescent or show very weak emission.
9
  
When light excites semiconducting CNTs, optical signals such as absorption and 
luminescence emission can be detected in different regions of the spectrum due to 
their different interband transition mechanisms.  The interband transition mechanisms 
of electrons are different depending on the diameters of the CNTs.  For example, as 
the diameter of the semiconducting CNT becomes smaller, the band gap, which 
involves the states responsible for the transition, increases.
10
  An increase in band gap 
leads to generation of optical signals at shorter wavelengths.     
There are several challenges inherent to study the optical properties of CNTs 
because synthesis tends to form bundled structures owing to the van der Waals forces 
involved.
11
  The optical signals of CNTs are dramatically quenched when the CNTs 
are aggregated by bundling.
10
  In addition, it is difficult to separate CNTs with 
different diameters, leading to a size dispersion in solution.   
Despite the expected difficulties of optical detection, absorption and 
photoluminescence have been observed from SWCNTs.
9,10,12-14
  These transitions 
arise because SWCNTs have a series of electron-confined maxima in their density of 
states, called van Hove singularities (VHS).
10
  Figure 6.2 shows a schematic of the 
density of electronic states for a SWCNT.  The sharp VHS energies are mainly 
dependent upon the diameters of the SWCNTs.
10
  The interband transition of the 
optical absorption E22 (V2 to C2) and luminescence emission E11 (C1 to V1) in 
SWCNTs is illustrated with solid arrows in the Figure 6.2.
9
  The dashed arrows 
110 
 
indicate the nonradiative relaxation of the excited electron (in the conduction band) 
and hole (in the valence band).
9
   
 
 
Figure 6.2.  Schematic for the density of electronic states of a single CNT.  The solid blue 
line indicates the absorption process from V2 in the valence band to C2 in the conduction band.  
The solid red line indicates the luminescence process from C1 to V1 after the excited 
electrons relax to the lower electronic level (reproduced from reference [9]).  
 
An absorption spectrum obtained by O’Connell and coworkers includes a 
series of interband transitions from SWCNTs that were prepared with a surfactant-
coating to prevent CNT aggregation.
10
  The absorption from semiconducting CNTs 





  Photoluminescence of the surfactant-coated SWCNTs was observed at 
similar spectral ranges to the absorbance using excitation wavelengths from 300 nm 
to 930 nm.
10
  The discrete peaks observed in the luminescence from each CNT 
appeared at different energies because each CNT has a different diameter, and thus 
different interband transition energy.
9
  CNTs with 33 different carbon lattice indices 
were identified using luminescence spectral analysis.
9
 
Luminescence from SWCNTs was also observed with near-infrared (NIR) 
excitation by nonlinear absorption process.
12,14,15
  For example, a surfactant-coated 
SWCNT solution was excited with NIR light ranging from 1210 to 1970 nm, and 
two-photon absorption-induced luminescence was observed from 850 to 1070 nm.
12
  
As in the case of luminescence induced by single-photon absorption, the discrete 
luminescence peaks induced by the nonlinear absorption process appear at different 
wavelengths depending upon the diameters of the CNTs.
12
  Nonlinear luminescence 
at similar wavelengths was measured from dried SWCNTs on a polymer matrix with 
visible-NIR excitation ranging from 620 to 1033 nm.
14
   
The range of the broadband luminescence observed when excited electrons 
relax to holes from a series of exciton states is determined by the exciton binding 
energy, i.e., the Coulomb interaction between excited electron and hole.
12,14
  Because 
the exciton binding energy is dependent on the SWCNT diameter, as the diameter is 
decreased, luminescence observed at shorter wavelengths is due to the increased 
exciton binding energy.
12,14
  In addition to the Coulomb interaction, which is 
enhanced at smaller diameters, excitonic effects can be strongly increased by 
decreased dielectric screening.
14
  Because of the one-dimensional geometry of 
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SWCNTs, the electric field lines of excited electron/hole pairs travel largely outside 
of the SWCNT.
14
     
Multiwalled carbon nanotubes (MWCNTs) are composed of two or more 
layers of rolled graphene sheets forming concentric tubes.  MWCNTs are coupled by 
van der Waals interactions.
16
  When a semiconducting CNT is located within a 
metallic CNT, the semiconducting CNT is assumed to exhibit nonradiative decay of 
excitations through the fast relaxation in vibrational manifolds
17
 of adjacent metallic 
CNTs.
16
  In this case, the nonradiative decay between the energy states exceeds the 
rates of radiative emission.  In addition, the outermost CNT, which has a small band 
gap due to the large diameter, is not expected to show luminescence due to 
vibrational relaxation reducing the optical emission.
16
 
However, luminescence from a MWCNT solution has been observed with 
NIR excitation by a multiphoton absorption process.
16
  A solution of polymer-coated 
MWCNTs was excited by 1064 nm light, and the observed luminescence ranged from 
the visible to NIR regions of the spectrum.
16
  When the NIR light excites the 
MWCNTs, it is possible for three photons to be absorbed due to presence of the VHS, 
promoting electrons to the excited state
16
.  When the electrons relax to lower-energy 
excited states, they can experience the high density of states again.
16
  In this case, the 
probability of radiative relaxation becomes much larger than that of nonradiative 
decay, which is induced by the coupling of multiple CNTs and the small band 
gap.
16,18,19
  As a result, luminescence can be observed.  This mechanism, along with 
the Coulomb interaction between the excited electron and hole, was proposed for 
luminescence observed from CNTs.     
113 
 
  To date, photoluminescence from single CNTs has been observed from 
purified CNT solutions
9,10,12 
and from randomly dispersed SWCNTs on a polymer 
substrate.
14
  In case of MWCNT solutions, the surfactant-coating method has so far 
achieved a purity of 91 % of single MWCNTs.
20
  The consequent optical signals from 
the solution still contain spectral features from aggregated MWCNTs.  Here we 
present the observation of luminescence from single MWCNTs following the 
nonlinear absorption of NIR light.  Luminescence-driven polymerization of 
MWCNTs is also demonstrated.  The nonlinear optical signals and polymerization of 
SWCNTs are also presented.  In addition, the nonlinear optical properties of layered 
graphene sheets are also studied.  Current-induced luminescence has been observed 
previously in these materials.
6
       
 
 
6.2  Experimental section 
Each aqueous solution of carbon nanostructures (2 µL) was dried on a glass 
coverslip at room temperature.  The glass coverslip was functionalized with an 
acrylate solution to promote the adhesion of polymer structures.  On the acrylate-
modified glass coverslip, 6 × 6 grid polymer patterns were fabricated by multiphoton 
absorption polymerization (MAP) to facilitate of imaging the carbon nanostructures 
with SEM.  The methods for the surface-functionalization of the glass coverslips and 
fabrication of polymer patterns were described in the experimental section in Chapter 
2.  To observe MAIL from each nanostructure, the methods of the sample preparation 
and optical measurement were performed as described in Chapter 2 as well.    
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For MAIL experiments, one drop of immersion oil was placed on the dried 
carbon nanostructures in order to satisfy the refractive index-matching condition of 
the objective.  This condition minimized the scattering from the sample surfaces.  As 
the NIR light was scanned over the nanostructures, the consequent MAIL excitation 
image was simultaneously observed using a single-photon-counting avalanche 
photodiode.  MAIL emission spectra were also collected through an optical fiber 
(BFB-455-7, Princeton Instruments) and detected using a spectrometer (Acton 
SP2300i, Princeton Instruments) connected to a computer.  After excitation, the 
sample was rinsed in hexane for 3 min and in ethanol for 5 min to remove the oil 
residue and then was dried at room temperature. 
To investigate luminescence-induced polymerization, dried carbon 
nanostructures on an acrylate-functionalized glass coverslip were covered with one 
drop of an acrylate prepolymer resin.  The resin was composed of 40 wt% 
ethoxylated-15 trimethylolpropane triacrylate (SR 9035, Sartomer), 59 wt% deionized 
water, and 1 wt% of a photoinitiator, sodium 4-[2-(4-Morpholino) benzoyl-2-
dimethylamino] butylbenzenesulfonate (MBS, Sundia MediTech Company Ltd.).  
After raster scanning the NIR light over the nanostructures, the sample was rinsed in 
ethanol for 3 min twice to remove any unpolymerized resin.  The sample was dried at 







6.3  Results and discussion 
6.3.1  Nonlinear luminescence and polymerization of single MWCNTs   
Single MWCNTs first were found by CCD camera imaging through a 100×, 
oil-immersion objective.  Ultrafast NIR light was focused on each single MWCNT 
and scanned over the entire MWCNT for 3 s using scanning mirrors.  The resulting 
MAIL signals were averaged three times.  A typical MAIL contour plot from a 
MWCNT is shown in Figure 6.3.  As 0.52 mW (measured at the sample stage) of 890 
nm light scanned the 2.55 µm-long MWCNT, luminescence was simultaneously 
observed from the entire length of the MWCNT.    
 
 
Figure 6.3.  MAIL excitation image of a MWCNT with 890 nm light.  The luminescence is 
observed from the entire length of the single MWCNT.  
 
The bright, reproducible luminescence was then used to drive polymerization 
using single MWCNTs in a prepolymer resin.  About 2 µL of a MWCNT solution 
was dried on a glass coverslip and covered with the water-soluble acrylate 
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prepolymer resin.  As 890 nm light was scanned over a 1.65 µm-long MWCNT, 
MAIL was simultaneously observed from the entire length of the CNT as shown in 
Figure 6.4a.  After the MAIL observation, a corresponding SEM image was obtained  
 
 
Figure 6.4.  (a) MAIL excitation image of a MWCNT.  MWCNTs were prepared in a 
prepolymer resin and excited with 890 nm light.  (b) SEM image of the MWCNT from (a).  
(c) SEM image of a MWCNT that was not excited. 
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for the same CNT.  As shown in the SEM image in Figure 6.4b, the entire CNT was 
covered with a thin polymer coating.  Two ends of the MWCNT became elongated 
compared to the control MWCNT, which was not excited (Figure 6.4c).  
Polymerization was observed from all single MWCNTs scanned with NIR light at 
both 800 and 890 nm.  
When one end of a 3.12 µm-long MWCNT was irradiated with 890 nm light, 
luminescence was simultaneously observed from the excited area.  The MAIL 
intensity shown in Figure 6.5a was approximately equal to that obtained from 
 
Figure 6.5.  (a) MAIL excitation image from one end of a MWCNT scanned with 890 nm.  
(b) SEM image of the corresponding MWCNT.  (c), (d) SEM images of a MWCNT irradiated 
on one end. 
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irradiating the entire MWCNT.  A corresponding SEM image obtained for the same 
CNT is shown in Figure 6.5b.  The area of the CNT in which bright luminescence 
was observed was covered with polymer.  The polymer was thickest in the scanning 
region.  This phenomenon was observable on several MWCNTs that were partially 
illuminated.  Interestingly, inner CNTs protruding from the ends were also 
polymerized as they were scanned (Figure 6.5c and 6.5d).  This result implies that 
MAIL leads to polymerization on single MWCNTs, although it is not clear if the 
protruding inner CNTs produce significant luminescence intensity which can cause 
polymerization.     
To study the polymerization mechanism of MWCNTs, luminescence emission 
spectra were measured from single MWCNTs with 60 s exposure of 800 nm light.  
The linear absorption spectrum of the photoinitiator, MBS, was measured using a 
UV/visible spectrometer.  The black solid line in Figure 6.6 shows the smoothed (10-
point) MAIL spectrum measured from a MWCNT.   
The linear absorption band of MBS is shown in green in Figure 6.6.  The 
MAIL emission ranges from 500 to 690 nm, although emission from 690 nm to the 
NIR region is attenuated due to three shortpass filters used to remove residual 800 nm 
light.  It should also be noted that the spectrum from 690 to 720 nm was observed 
from a glass surface without MWCNTs as well.  The MAIL spectrum we observed 
was the same as that measured from a MWCNT solution reported previously.
16






Figure 6.6.  Absorption spectrum of MBS (green) and a typical MAIL excitation spectrum 
from a MWCNT (black).     
 
As seen in Figure 6.6, the MAIL spectral region overlaps slightly with the 
linear absorption band of MBS at wavelengths around 480 nm.  Although the MAIL 
intensity and the absorption cross section of MBS are weak in this spectral region, the 
MAIL-driven excitation of the MBS can occur with efficiency capable of inducing 
polymerization.  Consequently, the raster scanning of NIR excitation caused the 
polymerization only at the MWCNT surfaces where MAIL signals were observed as 
seen from the previous figures.  To study the MAIL-associated polymerization 
mechanism in greater detail, we used the same prepolymer resin without MBS.   
Figure 6.7a shows a MAIL image from 890 nm excitation observed from a 
MWCNT immersed in the prepolymer resin without MBS.  A corresponding SEM 




Figure 6.7. (a) MAIL excitation image from one end of a MWCNT using 890 nm excitation.  
The MWCNT sample was prepared in a prepolymer resin without MBS.  (b) SEM image of 
the corresponding MWCNT.  The blue-dashed square indicates the area excited with 890 nm 
light.  (c) Close-up SEM image of one end of the MWCNT.  (d) SEM image of a typical 
MWCNT.  CNT with a smaller diameters is apparent on the right hand side of the MWCNT.         
 
the SEM image did not show any surface difference, as opposed to the case of 
MWCNTs immersed in a prepolymer resin including MBS.  The thickness of the 
entire nanotube is the same, and a close-up SEM image in Figure 6.7c shows no 
polymer features.  One MWCNT end shows a thin nanostructure in a dark color.  This 
structure could be inner CNTs that were bent due to the light excitation because the 
inner CNTs can be found in control MWCNTs that were not excited, as shown in 
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Figure 6.7d.  It should be noted that polymerization of MWCNTs was not observed 
with CW excitation at 405 nm, 532 nm, 800 nm, and 890 nm without MBS in the 
resin.  In addition, MAIL from MWCNTs was not observed using CW excitation at 
any wavelength.       
In order to study the coupling between aggregated MWCNTs, several regions 
in which two MWCNTs crossed were illuminated in the presence of the prepolymer 
solution.  Polymerization was observed at the crossed MWCNTs when 890 and 800 
nm light was used.  Figure 6.8a shows an SEM image of the polymerization at the 
junction of two single MWCNTs following 890 nm excitation.  The close-up SEM 
image in Figure 6.8b clearly shows the polymer features fabricated between two 
CNTs.  Excitation at 800 nm also induced polymerization between two MWCNTs as 
seen in Figure 6.8c, and the two MWCNTs are linked together by this process (Figure 
6.8d).  Because the polymer features can be strongly adhered on the acrylate- 
functionalized coverslip, sonication can remove all MWCNTs except the polymerized 
ones.  By this method, fabrication of MWCNT patterns on a substrate can be 
performed in a controlled manner once a desired configuration is observed.    
In the case of crossed MWCNTs in a resin without the MBS, Figure 6.9a and 
6.9b show SEM images measured after 890 nm excitation at the junction.  Although 
the same intensities and exposure time of NIR excitation as those for the results in 
Figure 6.8 were used, no polymer features were created at the contact area of two 






Figure 6.8.  (a) SEM image of crossed MWCNTs that were excited with 890 nm light.  The 
MWCNTs were prepared in a prepolymer resin.  (b) Close-up SEM image of the crossed 
MWCNTs of (a).  (c) SEM image of crossed MWCNTs that were excited with 800 nm light.  
(d) Close-up SEM image of the corresponding crossed MWCNTs.    
 
 
Figure 6.9.  (a) SEM image of two MWCNTs crossed and excited at 890 nm light.  The 
MWCNTs were prepared in a prepolymer resin without MBS.  (b) SEM image of crossed 
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MWCNTs excited at 890 nm light.  The red arrows indicate the area where the laser beam 
excited.  
 
We have clearly observed nonlinear-absorption-induced luminescence from 
single MWCNTs.  In the presence of a prepolymer resin, the luminescence excited 
the photoinitiator, MBS, and induced polymerization.  To study the mechanism of the 
MAIL-driven polymerization in greater detail, single MWCNTs with different 
diameters and double-walled CNTs need to be employed.  It has been noted that the 
MAIL spectra from each MWCNT can be different due to the diameter-dependent 
band gap, and the spectral overlap between the MAIL and the absorption band of 
MBS can be tuned. 
  
6.3.2  Nonlinear luminescence and polymerization of SWCNTs   
To study the nonlinear optical properties of SWCNTs, 2 µL a SWCNT 
aqueous solution was dried on a polymer-patterned glass coverslip at room 
temperature.  Because SWCNTs are typically less than 3 nm in diameter, singe 
SWCNTs cannot be observed by optical imaging with the 100×, oil-immersion 
objective.  Instead, we scanned 36 to 64 µm
2
 areas with 800 nm excitation and used a 
single-photon-counting avalanche photodiode to observe luminescence signals from 
the SWCNTs.    
Figure 6.10 shows typical luminescence images observed from SWCNTs with 





Figure 6.10.  (a) MAIL excitation image of SWCNTs with 800 nm excitation.  (b) MAIL 
excitation image of more aggregated SWCNTs than that of (a).   
 
indicates that semiconducting SWCNTs were present.  Due to the small diameters of 
the SWCNTs, the correlation between the luminescence patterns and orientations of 
SWCNTs was not clear.  In addition, because of the limitation of the SEM resolution, 
the SWCNTs shown in SEM images could be either single SWCNTs or SWCNT 
bundles.  While nonlinear absorption of NIR light resulted in MAIL emission from 
the SWCNTs, luminescence was not observed from the SWCNTs with CW NIR 
excitation.  
In the presence of a prepolymer resin, SWCNT bundles were polymerized 
under an exposure of 2 mW of 800 nm light.  As the light excited the CNTs, thick 
polymer features were created at the surfaces of the SWCNTs, as seen in Figure 6.11a.  
When aggregated SWCNTs were excited, thicker polymers were observed than in the 
case of single or smaller CNT bundles, as shown in Figure 6.11b.  Figures 6.11c and 
6.11d show SEM images of control SWCNTs that were not exposed to the light. 
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The polymerization of SWCNTs can be used to fabricate CNT patterns with 
nanometer-scale precision.  When a monolayer of SWCNTs on a glass coverslip is 
prepared by spin-coating and excited with NIR light by a tightly focused beam, we 
can create thin polymers around the SWCNTs.  Since the polymer-covered SWCNT 
bundles can remain on an acrylate-functionalized coverslip after sonication, we can 




Figure 6.11.  (a) SEM image of SWCNTs that were excited at 800 nm light.  The SWCNTs 
were prepared in a prepolymer resin.  (b) SEM image of SWCNTs that are more aggregated 
than in (a).  The blue arrow indicates the areas exposed by 800 nm light.  (c) SEM image of 
pristine SWCNTs.  The CNTs were not exposed to the 800 nm light.  (d) SEM image of other 
example of pristine SWCNTs.     
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6.3.3  Nonlinear luminescence and polymerization of graphene 
To study the nonlinear optical properties of multiple sheets of graphene, 2 µL 
of a graphene aqueous solution was dried on a polymer-patterned glass coverslip.  
One drop of a prepolymer resin was placed on the top of the graphene.  The layered 
sheets of graphene were easily observed using a CCD camera by imaging through a 
100×, oil-immersion objective.   
Figure 6.12a shows typical MAIL signals from graphene irradiated with 2 
mW of 800 nm light.  The corresponding SEM image is shown in Figure 6.12b.  The 
four graphene structures shown in the SEM image were luminescent, although their 
size was not directly correlated to the MAIL intensities.  When light excited the 
graphene, the geometry of the surfaces became smooth due to the creation of polymer 
films, as seen in Figure 6.13a and 6.13b.  The surfaces of the unexposed graphene 
sheets retain a rough surface and show sharp edges (Figure 6.13c and 6.13d).     
 
Figure 6.12.  (a) MAIL excitation image of four layered graphene sheets excited at 800 nm.  
The graphene sheets were prepared in a prepolymer resin.  (b) SEM image of the 




Figure 6.13.  (a), (b) SEM images of layered graphene sheets that were prepared in a 
prepolymer resin and excited at 800 nm light.  (c), (d) SEM images of pristine graphene 
sheets. 
 
Interestingly, not all graphene sheets exhibited luminescence during 
irradiation.  For example, the MAIL intensities shown in Figure 6.14a were measured 
from graphene sheets with 2 mW of 890 nm excitation.  Although the corresponding 
SEM image in Figure 6.14b indicated that three graphene sheets were present within 
the scanning area, only two of them displayed luminescence.  As seen from the close-
up SEM image in Figure 6.14c, the luminescent graphene sheets were covered with 
thin polymer films while the non-luminescent sheets exhibited the rough geometry of 
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the unpolymerized surface.  This result demonstrated the strong correlation between 
MAIL and polymerization of graphenes.   
 
 
Figure 6.14.  (a) MAIL excitation image of layered graphene sheets excited with 890 nm light.  
(b) SEM image of the corresponding graphene sheets.  (c) Close-up SEM image of the two 
graphene sheets shown at the bottom of (b).      
 
The nonlinear luminescence from the layered graphene sheets showed bright 
intensity that was able to induce polymerization.  This optical property can be studied 
using double layers of graphene sheets, which can also be compared to the optical 
behavior of SWCNTs, because a SWCNT is a cylindrical form of one sheet of 




We studied nonlinear optical properties of carbon nanostructures.  By exciting 
single MWCNTs with NIR light, luminescence was observed from the scanned areas.  
In the presence of a prepolymer resin, MAIL led to the excitation of a photoinitiator, 
inducing polymerization. We showed that CW NIR excitation was not sufficient to 
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induce luminescence, and no polymerization was observed from the MWCNTs.  We 
also examined polymerization in the absence of photoinitiator, and no polymerization 
was observed under pulsed or CW irradiation on the MWCNTs.  These results 
indicated that MAIL excitation of the photoinitiator from the CNTs is the dominant 
source for the polymerization, not direct absorption of the NIR by the photoinitiator.   
MAIL and its correlation to the polymerization were studied using SWCNTs 
and graphene sheets.  Although the investigation of MAIL from single SWCNTs was 
difficult due to the small diameters of the structures, MAIL and the consequent 
polymerization were observed from SWCNT bundles using NIR excitation.  MAIL 
from multiple sheets of graphenes was also detected, and its consequent polymer 
films were observed on the surfaces of the graphene sheets.  The correlation between 
MAIL intensity and polymerization indicated that MAIL from the carbon 
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Chapter 7:  Conclusions and future work 
 
 
7.1  Conclusions 
 This thesis discussed field-enhanced optical phenomena with plasmonic 
nanostructures using two nonlinear optical processes, multiphoton-absorption-
induced luminescence (MAIL) and metal-enhanced multiphoton absorption 
polymerization (MEMAP), with ultrafast near-infrared (NIR) pulses.  A variety of 
nanostructures, such as gold nanoparticles, nanowires, nanoplates, and silver 
nanowires were used to observe MAIL and MEMAP.  MAIL and its strong 
correlation to MEMAP were demonstrated by employing different types of 
prepolymer resins and different excitation wavelengths.   
 As described in Chapter 2, MAIL and MEMAP were examined using 
randomly distributed gold nanoparticles.  The MAIL from aggregated particles was 
intense due to localized surface plasmon resonance (LSPR).  This MAIL emission 
ranges from the near-ultraviolet to the visible region of the spectrum.  When this 
broadband MAIL emission excites a photoinitiator, polymerization can be driven.  
Polymer shells around the nanoparticles were created using excitation wavelengths 
for which direct two-photon excitation of the photoinitiator cannot be driven.  This 
result demonstrates that MAIL is essential to inducing photopolymerization around 
the plasmonic nanostructures. 
 Polymerization induced by MAIL was demonstrated again using uniform gold 
nanowires in Chapter 3.  Consistent MAIL signals were observed at both ends of the 
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nanowires due to LSPR and the “lightning rod” nanoantenna effect.  Polymer features 
created by MAIL using three different types of prepolymer resins confirmed that 
MAIL excited photoinitiators and induced polymerization.   
 Chapter 4 showed the strong correlation between MAIL and MEMAP using 
gold nanoplates.  MAIL intensity was strong at the edges of the nanoplates and these 
localized luminescence signals were sensitive to the polarization of the excitation 
light.  This MAIL emission created polymer features at the localized nanoplate areas.       
 MAIL was observed at remote positions when one end of a silver nanowire 
was excited with NIR light because the incident light coupled to surface plasmons, 
which propagated along the nanowire.  The guided MAIL emission induced 
polymerization at remote positions.  When another nanostructure contacted the 
nanowire, guided luminescence coupled to the nanostructure and created thin polymer 
film at the contact point.  This method was used to assemble nanostructures in a 
controlled manner, as shown in one example in Chapter 5. 
 The correlation between MAIL and MEMAP was also observed using carbon 
nanostructures in Chapter 6.  MAIL from individual multiwalled carbon nanotubes 
was observed due to the strong Coulomb interaction between the excited electrons 
and holes, and to the existence of high density of electron states.  The broadband of 
the MAIL emission excited a photoinitiator and polymer features were created where 
the NIR light was scanned.  MAIL-driven polymerization was also observed using 





7.2  Future work 
7.2.1  MAIL in biological applications  
 We have demonstrated that nonlinear luminescence can be observed directly 
from metal nanostructures using NIR light.  The luminescence patterns can be 
manipulated by employing different polarization states.  For example, linearly, 
azimuthally, and radially polarized NIR light can generate different luminescence 
patterns from the metal nanostructures.  
 When gold nanorods, about 60 nm in length and about 30 nm in diameter 
(Figure 7.1), are excited with linearly polarized NIR light, we can see the MAIL 
intensity pattern, as seen in Figures 7.2a and 7.2b.  The coupling of NIR light into 
surface plasmons is the most efficient when the polarization of light is parallel to the 
 
 
Figure 7.1.  SEM images of gold nanorods that were excited with linearly, azimuthally, and 




long axis of the gold nanorods.  Therefore, the MAIL signals are sensitive to the 
orientation of the nanorods and the direction of linearly polarized light.  For example, 
MAIL from a nanorod A was not observed using the excitation polarization parallel 
to the x-axis, but detected using the polarization perpendicular to the x-axis, as seen 
in the Figure 7.2.     
 
 
Figure 7.2.  MAIL excitation images of the nanorods of Figure 7.1 with a polarization 
direction parallel to the x-axis (a) and the y-axis (b).  
 
 When azimuthally and radially polarized light are employed, we can observe 
two-lobe MAIL signals from all nanorods.
1-4
  For instance, when azimuthally 
polarized light excites the nanorods that were used in Figure 7.2, MAIL signals are 
observed at both sides of each nanorod in which electric fields are parallel to the long 
axis of the nanorod, as shown in Figures 7.3a.  In Figure 7.3b, radially polarized light 
generates MAIL signals at both ends of the nanorods, where electric fields are parallel 





Figure 7.3.  MAIL excitation images of the nanorods of Figure 7.1 with azimuthally polarized 
light (a) and radially polarized light (b). 
 





 have been used for cellular imaging due to their bright optical 
signals.  Linearly polarized light can generate MAIL from the nanorods that align 
parallel to the polarization.
13
  However, azimuthally and radially polarized light can 
show bright two-lobe MAIL signals from individual nanorods in any orientations.  
Polarization-dependent MAIL can increase the sensitivity of the optical imaging and 
the efficiency of photothermal therapy.
6,7
      
 
7.2.2  Biocompatible gold nanorods 
  Despite the strong MAIL intensity from gold nanorods, their biological 
applications are limited due to the surfactant of the nanorods, cetyl 
trimethylammonium bromide (CTAB), is cytotoxic.
14-16





 to replace CTAB for biological applications.  
However, the chemical treatment for new functionalization of the nanorods requires 
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multiple chemical reactions for several hours.  When ultrafast NIR pulses excite gold 
nanorods, they can be encapsulated in polymers within a second.   
 Gold nanorods in a water-based prepolymer resin can be added into a 
microfluidic channel.  The microfluidic channel can be prepared between a 
polydimethyl siloxane (PDMS) mold and a glass coverslip.  When the PDMS mold is 
prepared using a three-dimensional master structure fabricated by a multiphoton 
absorption polymerization (MAP) method, the microfluidic device can have multiple 
channels that can combine and form one main channel.  When the nanorod-included 
water-soluble prepolymer resin flows in the microfluidic channel and water is added 
from four side of the channel, the flow rate and the volume of the resin can be 
adjusted by controlling the flow rate of water.  This method can lead to the nanorod 
resin flowing in the middle of the channel. 
 Figure 7.4 shows such a microfluidic channel including the nanorod-included 
prepolymer resin and water.  The nanorod prepolymer resin flows in the middle of the 
channel.  When the resin meets water coming from four directions, the resin is 
confined in the middle of the channel so that the nanorods are not stuck in the PDMS 
walls and the glass substrate.  When a large area of the resin is scanned with NIR 
light, hundreds of polymer-encapsulated nanorods can be fabricated in a few seconds.  
Scanning speed, scanning dimensions, and the concentration of the nanorods in the 
resin can determine the efficiency of producing polymer-coated nanorods.  This 





Figure 7.4.  Optical image of microfluidic channel including gold nanorods in a water-based 
prepolymer resin, and water.  Blue arrows indicate additional water coming from four 
channels.    
 
7.2.3  Nanolithography with NIR light  
 NIR excitation on one end of silver nanowires can generate luminescence at 
remote positions.  This luminescence emission created polymer features that were 
smaller than the nanowire diameter.  This method can be used for nanolithography 
that currently uses an expensive and complex UV light excitation source.    
 Silver nanowire arrays can be prepared using an anodized aluminum oxide 
template using electrochemical deposition method.
20,21
  An example of silver 
nanowire arrays is shown in Figure 7.5a.  This scanning electron microscope (SEM) 
image shows the top view of the nanowire arrays.  Using a microtome, the height of 
the nanowire arrays can be made more uniform, as seen in Figure 7.5b. When one 
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end of the nanowire array is excited with NIR light, the other end of the nanowire 
array can generate nanometer-scale polymer features, as shown in Figure 7.6.  As the 
nanowires have small diameters, high-resolution nanolithography can be achieved.  
 
 
Figure 7.5.  SEM images of silver nanowire arrays in an anodized aluminum oxide template 
(a) and that after cut with microtome (b).    
 
 
Figure 7.6.  Schematic of nanolithography using silver nanowire arrays with NIR excitation. 
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7.2.4  Fabrication of optical field-enhancing substrates 
 Gold nanoplates can be used as substrates for surface-enhanced Raman 
scattering (SERS).  When metal nanostructures are assembled on the nanoplate, the 
scattering intensity can be significantly increased due to the crowded electric fields 
and surface plasmon resonance.  This SERS-active substrate can be fabricated using a 
microfluidic channel.  When NIR light excites gold nanoplates while a gold 
nanoparticle solution is inside the microfluidic channel, gold nanoparticles can be 
assembled on the nanoplates by thin polymer films created by MAIL.  If a quantum 
dot (QD) solution is inside the channel, QD-nanoplate assemblies can be fabricated.  






7.3  Conclusion 
 Plasmonic nanostructures have the capability of enhancing optical fields and 
manipulating light to induce localized photochemistry.  As shown in this dissertation, 
nonlinear luminescence and photopolymerization have been observed from different 
shapes of plasmonic nanostructures using ultrafast NIR pulses.  These results 
demonstrate the potential of using nonlinear optical properties of the nanostructures 
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